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FOREWORD

This volume is the second of five volumes which contain contributed papers that
were accepted by the Local Organizing Committee of the XXIII ICPIG for
presentation in poster sessions. These papers are to be listed in the INSPEC data
base.

The contributions were submitted in camera-ready form by the authors.
Therefore, the responsibility for the contents and the form of the papers rests
entirely with the authors.

The first four volumes have been arranged by topics, the sequence of which
corresponds to that of the respective poster sessions. The fifth volume is
comprised of ’late’ papers, those for which the authors registered after the deadline
for printing of their papers.

The texts of the invited talks are to be published shortly after the conference in a

special issue of Journal de Physique.

The editors would like to acknowledge the contributions of Mrs L. Fourmeaux,
Mr J.M. Barachet and Mr J.P. Chaucheprat in the preparation of these volumes.
The computer file of contributed papers and authors was prepared by C. de Peco,

and her careful execution of this task is gratefully acknowledged.

April 1997 The Editors

For additional copies of this publication, please contact :
M.C. Bordage, CPAT, Université Paul Sabatier, 118 Route de Narbonne, 31062
Toulouse cedex 4 France

Printed in France, in the Université Paul Sabatier of Toulouse , 1997
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Experimental evaluation of a hollow cathode plasma
source.

I. Alcaide and L. Conde
Departamento de Fisica Aplicada.
ETSI Aeronauticos. UPM.
28040 Madrid, (Spain).

1 Introduction

Hollow cathodes have been employéd with dif-

ferent configurations to produce dense plasma

clouds, as well as electron emitters in the lab-
oratory [1 - 3] . The plasma is generated by a
high voltage discharge, and the particular elec-
trode configuration of these devices increase the
generated plasma density over usual electric dis-
charges of similar characteristics [2] .

Figure 1: Detail of the hollow cathode as-
sembly.

In this paper we describe a simple and unex-
pensive hollow cathode plasma source. Our de-
vice, of small size, employs moderate discharge
voltages (always below 1 Kilovolt). The hollow
cathode is used as a primary plasma source to

create a quiescent and magnetized plasma col-
umn with 10 cm of diameter and 30 of length.
This device is based in previous experiments with
hollow cathode discharges [4] and is intended
for basic plasma studies.

2 Experimental setup

The details of the plasma chamber and vacuum
equipment have been described in previous pa-
pers [4, 5] . An scheme of the hollow cathode is
presented in Figure 1. The cathode was a small
hollow metallic cylinder with a drill of 0.1 cm
in its center. Neutral gas (Ar or Xe) was in-
jected through this drill, which is in turn con-
nected by means of a ceramic tube to the gas
feed. This permits the electrical insulation of
the hollow cathode set holding the thermal con-
tact for external cooling. The neutral gas mass
flow rate (between 1-20 standard cubic centime-
ters per minute) was controlled by means of a
needle valve. The anode was made of a coaxial
cylinder electrically insulated by ceramic rings.
The electric discharge was produced by a high
voltage (Vgs = 200-1000 Volts) in the choked

“flow of neutral gas leaked. This assembly was

covered by a pyrex glass tube which supports a
coaxial magnetic coil which provides a maximum
magnetic field of 4 x 1072 Tesla. This enhance
the ionization rate of remaining neutral gas by
electrons originated in the electric discharge. In
addition, the hollow cathode could be polarized
with a bias voltage (Viies between -40 and +40
Volts) with respect to either, the grounded cham-
ber walls or a metallic target plate located at the
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Figure 2: Scheme of the experimental

setup.

end of the plasma column.

In Figure 2 is presented an scheme of the
plasma device. The uniform magnetic field was
generated by six equally spaced Hemlholtz coils
with 30 cm of diameter disposed along 33 cm.
This configuration holds a uniform magnetic field
into a volume of 10 cm of radius and 30 cm
of length, with a maximum value of 3.0 x 103
Tesla.

The properties of the magnetized plasma col-
umn were ascertained using collecting Langmuir
probes biased to the anode of the hollow cath-
ode. These probes were placed inside the plasma
volume with a resolution of 0.1 cm. The
plasma potential V), electronic temperature T,
and density n. were obtained from voltage cur-
rent probe traces by means of the usual tech-
niques for plasma diagnose. The smallness of
the electronic Larmor radius, always larger that
the probe dimensions, permits to make use of the
simplified Langmuir theory [6] .

3 Experimental results

The plasma parameters were measured under
stationary conditions of both mass flow rate and
background pressure. The typical electron densi-

II-3

ties measured at a fixed point located at the exit
of the hollow cathode plasma source lie between
6.5 x 108¢cm=3 and 7 x 10%m™—3, depending on
the different experimental conditions. The elec-
tronic temperatures were between 1 and 2 eV'.

The plasma emission properties were evalu-
ated by measuring the current I, collected at
either, end target plate and/or the grounded
plasma chamber walls for different bias voltages.
For positive values the current I, is increased
with V, up to a maximum value which depends
on the electron density n. at the exit of the
hollow cathode. This maximum saturation cur-
rent is also increased with the current Iys of
the hollow cathode discharge. The intense mag-
netic field applied in the plasma source also con-
tributes to the increment the electron density,
and therefore, the emitted current I,;.
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Comparison of Kinetic and Diffusion Theories of Positive Column of a Discharge.

Yu.B. Golubovskii*, I.A. Porokhova*, J. Behnke, J.F. Behnke, H. Deutsch,
Department of Physics, D-17487 Greifswald, Germany
* Department of Optics, Saint-Petersburg University, Uljanovskaja 1, 198904 S.Petersburg, Russia.

1 Introduction

The proper self-consistent description of a positive
column of an inert gas discharge under low pressures
and small currents should base on a joint solution of
kinetic equation for electrons and of motion equation
for ions. The attempts to describe electron motion
under these conditions in terms of diffusion and
mobility can lead to results considerably different from
those of kinetic description.

In the present paper the kinetic (nonlocal) and diffusion
(local) theories of positive column in neon arte
developed and compared under the same cross-sectlons
of elementary processes.

2 Nonlocal theory

The basic equations are the kinetic equation where the
term with radial gradients of electron distribution
function (EDF) is present, the ion motion equation and
Poisson equation

(eE)2 v? afy(, r)

w*(Vfgle,r)= vV v*(V)fgle+e,r) (1)

(e, ) e i
o e~ 00 Tol® ’)lgjﬁph =0
s<ab'
n9) = |, fole.r)ye - entr)de @
ap .

14(e) = r vi(e - ep(r)fo(s. r1e - epr)de (3)
i +ep
(@) = (@) [ V(s - ep(r))fale, )z - ep(r)oe (4)
e +ep
Here ¢ =w +ep(r), (g,w,ep are total, kinetic and
potential energies), E is constant axial field, v, v*,v,
are the transport frequencies of elastic and inelastic
impacts and the frequency of direct jonization, velo-
cities v and V' are related by mv'2/2 = mv2/2 +8q,
g, is excitation threshold, g; is ionization potential,
eb, is the wall potential, y(¢) is the ratio of

stepwise ionization probability to total probability of
decay of metastable and resonance levels involved in
stepwise ionization, Ng(@) is electron density,

I 4(9). I () are direct and stepwise ionization rates as ‘

the functions of radial potential.

The closed system of ecquations for calculation of
discharge parameters is

j) = BEN(9) "'ne""}r:O - ;:;é; }o )
divj; = 14(®) + (o) ji{0)=0 (6
divE, = 4n8n (@) - n(e))  E(0)=0 (D
E =-gadg ®0) =0 ()

J; is the radial flux of ions, n; is ion density, E, is
radial field, b; is ion mobility. The solution of kinetic

equatién (1) has been found by method of averaging
over radial motions of electrons [1] in trial potential

with wall potential e(D(V?). Then the set of equations

(2)-(8) has been solved by varying of parameters in
order to satisfy conditions

. . 1 R
JoR) =i(R) = [(a+1rdr; ) = )]

jo(R) is electron flux on the tube wall, in this model it

is determined mostly by electron flux in energy space
into energy region € > éd,, .

3 Local theory

The model bases on kinetic equation where the term
with radial gradients is omitted, on equations for ion
and electron ﬂuxes and on Poisson equation

(eB)* 2 v* an(nfo(w)) -

T3 aw v ow &)
w (VIN(r)fo(w) = V' v (V)I(r)fo(W + &)

14 E)=n r V(W) Fo(w)Ww dw (10)

1(n, E) = y(n, EIn fv'<w)fo<ww‘v7dw an

=,‘/‘J’:V o gy 12)
D,,:—é\j——z:j:TdeW (13)

Jir = BEN; SN O L))
ja = -bEne—-Dggradn, @5)
Jir=Ja (16)
divj,, =14+ an
divE, = 4neln; — n,) (18)
- E, =-gade 19
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The system of equations (14)-(19) has been integrated
numerically, parameter E has been varied until the
boundary  condition at  the tube  wall

ng(R) = j(R)/\[T,/m would have been satisfied.

4 Results

The results of calculations by nonlocal and by local
theories are shown in the Figures 1,2,3,4 and Table for
neon discharge under pR=1 torr.cm, YR=10 mA/cm.
The main differencies are:

the nonlocal EDF fg(w,r) is considerably depleted

with fast electrons in the column periphery (Fig.1).
This lead to compression of ionization sources and
densities of charged particles (Fig.2). The wall
potentials in nonlocal theory are considerably smaller
than in local theory. Contrast to the local theory the
axial current density j,(r) does not coincide with
electron density profile, and mean energy of electrons
decreases towards the tube wall. The sizes of space
charge sheath L 4 differ in about two times.
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Wall Recombination in the Plasma of Positive Column in Low Current Discharge

J.F. Behnke, Th. Bindemann, H. Deutsch, Yu.B. Golubovskii*, L. A. Porokhova*,
Institute for Physics, Ernst-Moritz-Arndt University of Greifswald. D-17487 Greifswald, Germany
* Department of Optics, Saint-Petersburg University, Uljanovskaja 1, 198904 S.Petersburg, Russia.

1 Introduction

Plasma wall interaction is of fundamental importance
for the understanding of the properties of a plasma and
also of great interest in many plasma technological
applications such as plasma etching and plasma-
assisted deposition processes.

We have developed a model in which the electron
kinetics in the bulk-plasma and the sheath is based on
the so-called non local approach of the BOLTZMANN-
equation [1],{2] which describes the EEDF and the
density profile of the elctrons as a function of the
radial potential ¢. ‘

In contrast to earlier models we show that the necessary
plasma boundary conditions result from a system of
balance equations of the charged carriers on the
insulated wall surrounding the positive column [3].

For a special neon discharge, the radial distribution
function of several plasma parameters calculated from
the model are compared with experimental results [4].

2 Theoretical Concept

The following set of equations was used in order to
describe the plasma including the plasma sheath in
front of the wall :
The BOLTZMANN- equation written in the non local
form f{1], [2], the continuity equation for charged
particles , the impuls balance equation for the ions, and
the POISSON-equation [2] .
The following ionization processes have been
considered: direct ionization and stepwise ionization
via metastable atoms. Furthermore, according to [1]
the stepwise ionization process has been used in an
approximatical solution.
In an effort to develop a more detailed model of the
plasma interaction and to find realistic boundary
conditions, the following elementary processes at the
insulating wall have to be taken into account :
» adsorption of incoming carrier (negative and
positive),
e desorption of charge carriers,
o surface diffusion and wall recombination of carriers
on the wall.
In addition, the modelling of the plasma mteractlon has
been carried out in the framework of a two dimentional
wall plasma (5], i.e. the ions on the wall are fixed and
the electrons can move in two dimensions by surface
diffusion. These assumptions lead to two balance
equations for the adsorbed charged particles.
Sojtw = CJT, - QR G, C; = O:

Sijw - Gi/Ti- OR GeG; =0

The negative charge at the wall Ag, = G, - o; is related
to the radial electric ﬁeld E, normal to the wall by :

= g,/g, AC,
where o, and ©j denote the number densmes of
electrons and of positive ions on the wall., j., is the
charged particle current density on the wall, 5..S; =1
are the sticking coefficents of electrons and ions,
respectively. T,= Te, eXP(Eo/kTw) , 1= .Tio (E4/kTy) the
residence time of the charged particle of the wall;

ar = ao(Tw/300)

denotes the recombination coefficient of charged
particles on the wall,. e, is the electron charge and ¢,
is the permitivity of the vacuum.
This means that the properties of the surface determine
the flux of the charge carriers to the wall, because Ac,
is determined by the properties of the wall.

3 Results and Discussion

The model was applied to a Neon glow discharge with

the following parameters :

& pressure ; p, = 150 Pa

e discharge current : i = 9mA

¢ radius of the discharge tube : r, = 1.27 cm

The main results can be summarized as follows:

o the radial distributions of the charged particles are
contracted in relation to the BESSEL - function.of
zero order; within the limits of probe measurements
the measured distribution function [4] corresponds
to the calculated (fig. 1), larger deviations in
experimental and theoretical results exist -for the
'mean electron energy in the bulk plsama (fig.1);

¢ the model describes the bulk of the plasma and the
formation of the sheath region and shows the
known increase of the radial components of electric
potential (fiig. 2), the electric radial potential (fig 3)
and the increase of the degree of deviation from the
quasi-neutrality Ag;= (g:-g.)/g: (fig. 4). The level of
agreement between experimentally determined [4]
and calculated radial. potential and radial electric
field strength is satisfactory.

First estimations of elementary data of the wall

recombination mechanism are given in tab. 1 and first

results for the temperature dependence of different

kinds of plasma sheath and wall data are represented in

tab.2 :

o under our experimental condition the axial electric
field strength E, does not change with gas and wall
temperature, (T;=T.);
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o the radial electric field strength at the wall E(r,),
the negative net charge Ac, and the wall potential
¢(t,) show a maximum at T,=T,==350K;

o the current density of ions j(r,) and the ion drift
velocity vi(r,) at the wall decrease with increasing
temperature.
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Tabel 1: Estimated elementary data of the wall

recombination mechanism

/eV |E; /eV |1, /s Tw /s |a,cm?s

Ele
0.095 0.18 910° 2102 |30

Tabel 2 : The change of the sheath parameters (E(1,),
@(T,), ji (ro) and v;i(r,)) and the wall properties (Ac, ) in
dependence of the gas temperature and the wall
temperature (T, = T.).

T/K| E |E(r)| Ac, | r.) | jire) | vi(ro)
Viem | Viem { em? | V | em®'| cmss
300 [3.15 |924 |51 [2332 |68 2.6
R 10® | 10°
350 [3.15 [1002 [55 [25.1 |65 2.7
10 102 |10’
400 [3.15 [934 |52 2341 {62 |24
10’ 108 |10°
450 |3.15 [82.0 |45 [21.18 |59 |20
10 10% J10°
1.0 , Yem = o/ Uom(To) 1
5.2 081 o]
> 06] 4
23
60.4‘ 4

- experimental data {5]
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Fig. 1 : The radial dependence of the normalized
charged particle density distributions g; g. and the

normalized mean electron energy Usm., cOmparision
between model calculation and experiments [4].
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Determination of first excited states number densities of argon atoms in a
cylindrical magnetron discharge: laser diode absorption spectroscopy and

modelling ‘
C. Csambal, J.F. Behnke,V. Helbig', A. Hennig and E. Passoth
Departement of Physics, Ernst-Moritz-Arndt University D-17487 Greifswald,
Departement of Physics, Christian-Albrechts University, D-24118 Kiel

Introduction

Magnetron discharges of various designs are widely
employed in plasma enhanced deposition technologies
to reach high sputtering rates. Because of the E x B-
drift of the electrons near the cathode the collision
frequency of the direct ionization at pressures of about
1 Pa is significantly higher than under non-magnetic
conditions. Thus the input of the electrical power at
relatively low voltages is very effective. In magnetron
discharges used in technology the magnetic field is
inhomogeneous in all directions. A quantitative
description of the plasma in such types of discharges
becomes more simple in a cylindrical magnetron
discharge where inhomogenities of the plasma
parameters only occur in radial direction and where the
fnagnetic field is generated by coils and not by
permanent magnets.

Absorption spectroscopy using narrow bandwidth
single mode diode lasers is a sensitive method to obtain
number densities and temperatures in gasdischarge
research. This technique especially allows access to the
first four excited levels of the rare gases that are
important for the carrier production in the discharge.
Two of those are connected to the ground state the
other two levels are metastable. Because of the large
population density of the “metastable states the
absorption lines usually are influenced by optical
thickness. This requires special care when reducing the
data to obtain the number densities.

Since we are dealing with a magnetic field the lines
additionally show Zeeman splitting which has to be
mentioned in the later fitting procedure.

Experimental set-up

The cylindrical magnetron discharge consist of a co-
axial non magnetic stainless steel vacuum vessel that
can be pumped down to pressures of the order of 107
Pa. The inner stainless steel cylinder is water-cooled,
isolated from the vacuum system body and serves as
cathode. The magnetic field is created by means of a
"couple of special formed coils in order to guarantee
homogeneity over the whole discharge length.

The laser set-up consists of a grating stabilized diode
laser in Littrow configuration [1]. In contrast to the free
running, spectrak linewidth of the order of 100 Mhz we
obtained a band-width of 4.5 Mhz and a tuning range
of approximately 25 Ghz. The wavelength scanning

was achieved by a computer controlled voltage ramp to
a highly stabilized current source. The whole laser set-
up was actively temperature stabilized by a peltier
element. The set-up of the magnetron and the laser can
be seen in figures 1 and 2.
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Fig. 2 Set-up of the diode laser system

Experiments

Spectroscopic measurements were done on the argon
transitions 3p°4s-3p°4p in the range 810-826 nm. To
obtain radial density and temperature profiles an
efficient least-squares routine [2] was used to fit the
Gaussian absorption profiles for the different Zeeman-
transitions in a longitudinal magnetic field with known
values of the magnetic field, Landé factors [3] and
oscillator strenghts. Especially for the Ar 1ss level care
has to be taken of optical thickness which affected the
absorption profile. The model function used in the
least-squares routine concerning for this effect is
described in [4]. The single Zeeman-transitions are

~ fitted with Doppler profiles. From the Doppler width

one can deduce the temperature of the argon atoms.
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Results and modelling

A typical example for the radial particel density
variation of a Ar resonance level is shown in fig. 3.
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Fig. 3 Radial particle density of Ar 1s; level

The number density raises rapidly near the cathode.
From maximum to the anode the it decreases smoothly,
since the electron density also decreases and their
ener-gy gain is significantly reduced in the positive
column. The densities of the metastable levels exhibit
another decrease, because of diffusion toward the anode
due to their long durability. In fig. 4 the different
courses can be seen.
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Fig. 4 Comparison of radlal courses for three different
first excited state levels of argon

The variation of the density profile with applied
magnetic field strength is shown in fig. 5 for the Ar 1s,
level. The maximum shifts towards the cathode with
increasing field strength.
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Fig. 5 Radial Ar 1s, particle density in dependence of
applied magnetic field strength

To build a theoretical model of the discharge
mechanisms we used in a first step the number
densities of the metastable 1ss level to gain information
about the excitation and deexcitation processes of this
level. The modelling of the resonance levels is more
complicate because of - influence of the escape factors.
The radial density profiles of the rare gas metastables
in the cylindrical magnetron discharge are calculated
from teh continuity equation of the radial metastable
current density j,, which describes the radial flow of
these excited state atoms in dependence of their local
source and drain ferms

~-—<r;".) ZS”., ZDM,

and the dlffusmn ansatz for the metastable current
density

dn
Jm = -D, m _d—rﬂ
To solve this differential equation system, beside the
initial and boundary conditions a detailed knowledge of
the excitation and deexcitation processes of the
metastables is necessary. A summary of these processes
is given in [5].
Recognizing only important excitation and deexcitation
processes we were able to simulate the metastable
distributions with the aid of measured electron energy
distribution function. -
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Fig. 6 Modelling of discharge processes
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3D modeling of direct current glow dischargés in different cell geometries

Annemie Bogaerts and Renaat Gijbels
Department of Chemistry, University of Antwerp (UIA),
Universiteitsplein 1, B-2610 Wilrijk-Antwerp, Belgium.

Glow discharges are used in a large number of
application fields, ranging from the semi-conductor
industry (deposition, etching) and the lighting and gas
laser industry to analytical chemistry. In the latter
application field, the material to be analyzed is used as
the cathode of the glow discharge cell, which is sputter-
bombarded by ions and atoms from the plasma. The
sputtered atoms arrive in the plasma where they can be
ionized and excited, and hence detected by mass
spectrometry and optical emission spectrometry.

To acquire better results in all these application fields, a

good insight in the glow discharge is desirable. We try -

to achieve this by mathematical modeling. A set of
three-dimensional models has been developed to obtain
an overall picture of the argon direct current glow
discharge, used in analytical chemistry [1,2]. The
species assumed to be present in the plasma, are argon
gas atoms at rest, uniformly distributed over the
discharge, singly charged positive argon ions, fast argon
atoms created by charge transfer collisions from the
argon ions, argon metastable atoms, fast and slow
electrons, and sputtered cathode atoms and the
corresponding ions.

These plasma species are described with Monte Carlo
models (for the fast plasma particles, which are not in
equilibrium with the electric field) and with fluid models
(for the slow particles, which can be considered in
equilibrium with the electric field). -
The fast electrons are treated with a Monte Carlo model;
collision processes incorporated are elastic collisions
with argon atoms, electron impact excitation and
ionization from the argon ground state and from the
metastable level, and ionization of sputtered copper
atoms.

The behavior of the slow electrons and the argon ions is
calculated in a fluid model; the continuity and transport
equations are coupled with the Poisson equation to
obtain a self-consistent electric field distribution.
Moreover, the argon jons are described with a Monte
Carlo model in the cathode dark space (CDS), as well as
the fast argon atoms which are created by charge
transfer and elastic collisions from the argon ions. The
collision processes taken into account are symmetric
charge transfer for the argon ions, elastic collisions with
argon atoms for both argon ions and fast atoms, and fast
argon ion and atom impact ionization and excitation of
argon atoms.

The argon metastable atoms are handled with a fluid
model, consisting of a balance equation with different
production and loss processes.

The thermalization process of the sputtered cathode
atoms is described with a Monte Carlo model. The
subsequent diffusion, the creation of cathode ions and
the transport of these cathode ions, are handled in a fluid
model. The ionization processes for the cathode atoms
incorporated in the model, are Penning ionization by
argon metastable atoms, asymmetric charge transfer by
argon ions, and electron impact ionization. Finally, the
behavior of the cathode ions in the CDS is also treated
with a Monte Carlo model.

All these models are combined into a comprehensive
modeling network, and solved iteratively until final
convergence is reached, to obtain an overall picture of
the glow discharge. The models are developed in three
dimensions (or in two dimensions for the fluid models,
due to the cylindrical symmetry of the cells
investigated), and applied to typical cell geometries used
in analytical chemistry.

Typical results of the models are the electrical current
when pressure and voltage are given, the density
profiles, fluxes and energy distributions of the different
plasma species, the potential and electric field
distributions throughout the discharge, information
about the relative importance of different collision
processes in the plasma, the crater profiles and etching
rates due to sputtering at the cathode, etc. The results
obtained for different cell geometries (e.g., cells with
flat and with pin-type cathodes) are compared with each
other, to investigate which cell geometries yield the best
results.

To test the validity of the models, the results are
compared with experimental _observations. Laser
induced fluorescence spectrometry has been carried out
to measure three-dimensional number density profiles of
the argon metastable atoms, the sputtered cathode atoms
and ions, in a direct current glow discharge in argon
with a tantalum cathode [3,4].

For the argon metastable atoms, a Ti:sapphire
(continuous) laser, tunable from 780 to 825 nm, was
used. The primary excitation line was taken to be the
one at 794.818 nm, whereas the 852.144 nm line was
used as fluorescence line.

For the tantalum atoms and ions, a dye laser pumped by
a copper vapor laser was used. The primary excitation
lines were taken to be those at 269.131 nm and 270.28
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nm, respectively, whereas the fluorescence was
measured using the 358.42 nm and the 304.2 nm lines,
respectively. From the fluorescence intensities, the
absolute number density profiles were deduced.
Moreover, for the tantalum atoms, atomic absorption
measurements with a hollow cathode lamp were
performed as well, to check the fluorescence results; the
271.467 nm line was selected for this purpose.

The glow discharge chamber was mounted on a table
which could be moved in the x, y and z directions, so
that three-dimensional distributions could be recorded.
In general, good agreement is reached between the
calculated and experimental density profiles (see for
example figures 1a and b), which illustrates that our
models present already a realistic picture of the glow
discharge. .
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Figure 1: Comparison between calculated (left) and experimentally measured (right) density profiles of the sputtered
tantalum atoms, at 1000 V, 1 torr and 2 mA (tantalum cathode in argon).
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Statistical Studies of Hollow Cathode Events in a Transient Hollow Cathode
' Discharge '

M. Favre, J. Moreno, P. Choi*, M. Zambra**, H. Chuaqui, and E. Wyndham
Facultad de Fisica, Pontificia Universidad Catdlica de Chile
Casilla 306, Santiago 22, Chile
*LPMI, Ecole Polytechnique, Palaiseau 91128, France
** Chilena de Energia Nuclear, Casilla 188-D, Santiago

1. Introduction

It has been found' that electric breakdown in a
transient hollow cathode discharge (THCD) proceeds
through the formation of a moving virtual anode,
which propagates from ariode towards cathode, under
the assistance of electron beams emitted from the
hollow cathode region (HCR). In a previous
publication’ we have presented a statistical study of
breakdown formation in transient hollow cathode
discharges, where three distinct regimes of ionization
growth were identified. 1) initial ionization growth
with plasma formation close to the anode, 2) extension
of this plasma region towards the cathode, and 3)
ionization growth inside the HCR under enhanced
field due to the close proximity of the anode potential.
Regime 1) was found to be essentially random,
whereas regime 2) exhibited a deterministic nature.
The statistics of regime 3) indicated more than one
competing ionization processes, whose nature was not
possible to infer from the data. In this paper we
present a further statistical study of iomization
processes associated with regime 3). The arrival of
the virtual anode at the proximity of the cathode, the
formation of plasma inside the HCR, the penetration
of the anode potential into the HCR through the
cathode aperture and the peak in the high energy
component of the electron beams, are time correlated
with respect to electric breakdown in the A-K gap. A
well defined sequence of events is established and
some properties of the characteristic statistics are
identified. ‘

2. Experimental Details

The experiments were performed in Hydrogen, at
pressures between 50 and 400 mTorr, at 30 kV
applied voltage. A-K separation was kept at 10 cm,
and a 5 mm cathode aperture was used. Further
details of the experimental apparatus has been
published elesewhere®. The previous study was based
on measurements with a capacitive probe array, whose
signal is proportional to the time derivative of the
product between the plasma potential and the coupling
capacitance of the probe relative to the plasma®. In

this case we have used two capacitive Probes, Ac located
at 15 mm from the cathode face, inside the A-K gap,
and Ayc, located inside the HCR, at 4 mm from the
back face of the cathode. Plasma formation is
monitored by collecting light from a small region inside
the HCR, on the axis and at the same position of Agc.
The light is fed through an H, filter into a fiber optic-
photomultiplier arrangement. The high energy
component of the electron beamis is measured with the
usual optical fiber scintillator- photomultiplier
combination.

3. Experimental Results

Figure 1 shows characteristic signals at 200 mTorr.
From top to bottom, the signals are the capacitive probe
inside the A-K gap (Ac), the capacitive probe inside the
HCR (Ayc), the electron beam (e-b), and the H,
emission. , :
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Figure 1: characteristics signals at 200 mTorr

1

To characterize the different ionization -events
associated with the signals shown in Fig. 1, the
following convention has been adopted: the arrival of
the virtual anode at the vicinity of the cathode is marked
by the peak value in Ac, the initial growth of a
significant plasma density inside the HCR is marked by
the onset of signal in H, emission, the penetration of the
anode potential inside the HCR is marked by the peak
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value in Agc, and the enhanced period of electron
beam activity is marked by the peak value in e-b.
Figure 2 shows characteristic times associated with
these four ionization events, in the 100 to 400 mTorr
pressure range, measured over 150 shots. The size of
the distribution is of the same order of the 128 points
used in previous studies, which was found to
statistically be statistically sufficient for analysis®.
250
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Figure 2: characteristic time intervals for the

different ionization events: B A, A H,, ®Ayc,

and ¢ e-b.

To visualize the statistical nature of the different
characteristic times, the cumulative probability of the
time intervals were plotted using the von Laue
formalism®>. The results for the different jonization
events are shown in figure 3.
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Figure 3: von Laue plots of the different
characteristic times: H100 Mtorr, A200
mTorr, and €400 mTorr.

At low operating pressure becomes difficult to identify
the defining features for each particular event. This is
~ shown in figure 4, for different situations at 50 mTorr.

3. Discussion
For a Gaussian distribution, the von Laue plot fits a
parabolic envelope. The characteristic time for the

TT
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Figure 4: different behaviors at 50 mTorr.

particular process is given by the 50% cumulative data
point in the plot. If the 50% cumulative data point
intersect of a simple spline fit to the von Laue plots in
Fig. 3 is compared with the’ average values shown in
Fig. 2, it is found that the corresponding values are
almost identical. This is a good indication that the
statistical distribution of times for the different
ionization events broadly follows a Gaussian
distribution. The data in Fig. 2 establish a clear
sequence of events which gives rise to regime 3)
presented above. First: the virtual anode arrives to the
vicinity of the cathode, second: significant ionization
develops inside the HCR, close to the cathode aperture,
under an enhanced electric field due to the proximity of
the anode potential, third: the anode potential diffuses
inside the HCR through the conducting HCR plasma,
and fourth: enhanced electron beam emission takes
place from the HCR, due to electron acceleration in the
enhanced field. At low operational pressure or small
cathode aperture the hollow cathode does not play the
dominant role in the ionization events, as it is shown in
Fig. 4. For the same operational pressure two
distinctive situations are observed. On the left hand plot
the situation is similar to that shown at 200 mTorr in
Fig. 1, whereas in the right hand plot, Ayc exhibits a
pulsing feature, with a well defined periodicity, This
situation can not be described by a simple Gaussian
statisticc and a plausible explanation is still not
available.
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Joining Sheath to plasma in a low pressure negative
ion dominated discharge

by R N Franklin and J Snell
City University, Northampton Square, London EC1lV OHB

There has been a considerable amount
of interest in negative ion plasmas
arising, particularly, from their
use in the plasma processing of
semi-conductors. The structure of
such plasmas determines the energy
of the ions and their spread of
energy impacting on the substrate.
A number of treatments have shown
that in general, there is a central
region which is an ion-ion plasma
surrounded by an electron-ion sheath
(1-7]. The joining of sheath to
plasma has been discussed earlier
[8] and this paper extends that work
giving a method that is .capable of
generalization for different values
of the negative ion/electron density
A, the electron temperature/negative
ion temperature € and the ratio of
Debye length/discharge dimension® .
In such a form it can be related to
earlier work at low pressures for an
electron-ion plasma in the limit
A—> 0 [9, 10]).

The Sheath Solution

The model for the sheath is the
conventional one assuming no
generation of charges in the sheath
and acceleration of the positive
ions in the electrostatic field of
the sheath. Scaling the equations
to the Debye length so that the
linear dimension is Y = = X and
defining the potential ¥ with
respect to the potential at the
plasma edge ¢§°, all potentials being
normalized to the electron
temperature, gives -

/=P, dP=I-N-E, UdUu =P
dy ay dy
and IU = const.

The first two equations are
Poisson’s equation, the third the
ion motion and the fourth the
constancy of ion flux. I, N and E
are the normalized positive ion,
negative ion and electron densities
and U is the ion velocity normalized
to the Bohm velocity (RTe/m)™

Writing I = I, N=N", E = E" at the
plasma ‘edge’ and U! (= W) = W' we
find IU = IV, W =2y + W.,

The equations have a first integral

i, pP =10 \/(w' + 2¢) - IW - E

(1 - exp (-¥)] - gtl - exp (-£P)]

The wall is located at the point
where E = I'U", § being given by
§

(M /21tm )" according to kinetic

theory. Thus ¥, = 1n ( E"_\ where
1I'v°

the . starred variables are derived

from the plasma solution given

below. Given {/, we can calculate

Wyr (Uy), E, and yl_)-
dy /v

The plasma solution (quasi
neutral approximation & = 0)

This has been given previously (4]
and can be written as I = E + N =
exp (-f) + Aexp (~¢ §)

du = E. I + UXE +€N) , (1)
dX I I - UXE +&N)

ad 2UE (2)
dax I -U* (E+EN)

¢ is given by the =zero of the
denominator or

W = exp(~ @°) + A exp(- © ¢") and
exp(~ ¢°) + Agexp(- € ¢)

= (1 -exp-0) +Hp(1 - exp -€ ¢
exp - §° + A exp (- £ @)

With ¢' known E*, N, I can be
calculated and used to determine ,/,
etc, above.

The general plasma solution
In this case, quasineutrality is not

assumed and equations (1) and (2)
are supplemented by

9% =1 - N - E. (3)
<>chxz
It can be shown that for there to be
a solution symmetric about X = 0
i.e. df = O requires
dx ,

I2(I, - A - 1) = 2K? and then the
integration from X = 0 outwards can
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be carried out given that E, = 1, N,
=Aa, U = 0.

Physical interest centres around
values of & < 10? and this presents
numerical difficulties in the sheath
region where, in general, there is
required to be a transition layer to
go smoothly from the plasma to the
sheath.

Matching the solutions

For the reasons just given, it is
more convenient to integrate the
equations (1, 2 and 3) outwards to
say p = ¢" and then join them to the
modified sheath solution obtained by
integrating inwards from the wall,
but now allowing for charged
particle generation so that

d_ (IU) = - o E replaces IU = const.
dy

This modified sheath solution will
correspond to modified boundary
values which have to be determined
in order to achieve a smooth join to
the plasma solution. Thus, we write
¢, =9 +A¢, p' =P, +4AP U' =y
+ A U, with E! = E(¢,) and I,! = E.
& /U', and determine A¢,, Ap,, AU,
to achieve continuity of I, P and U
and their derivatives at ¢ = ¢~

The eigenvalue of the problem, the
value of X,, we know can be written
X, = X (A, €) * X~ (oL, B, E) +

%Y (X , B, &)

X (A, € ) is given in Table I

p\ 1 © 10 100

0 0.5765 0.5709 0.5708
0.110.6279 0.5721 0.5708
1 1.142 0.5881 0.5714
10 6.279 1.870 0.5891
100 I57.67 16.27 5.091

Table I

and when A = 0

Xy

0 0.5708
10% _0.5782
102 0.6239
10! 0.9694
Table II

Tables of X, (&, A, £€) and X, (o ,
A, £ ) will be presented at the
conference. :
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STUDY OF A NITRIDING PLASMA REACTOR : COMPARISON
BETWEEN EXPERIMENTAL RESULTS AND MODELLING
OF THE DISCHARGE

Emmanuel GUIBERTEAU, Gérard HENRION, Robert HUGON and Gérard BONHOMME

Laboratoire de Physique des Milieux Tonisés (CNRS URA 835); Université Henri Poincaré - Nancy I,

BP 239. F- 54506 Vandoeuvre ies Nancy Cedex, France.
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Introduction

Though plasma nitriding is a well know process that is
widely used at an industrial scale, the processes that
occur in the vapour phase and that are responsible for
the surface treatment need to be better understood in
order to improve the process and allow its control by
means of plasma diagnostic measurements.

In this way we carry out experimental investigations
by means of optical emission spectroscopy and

Langmuir probes of a DC pulsed plasma nitriding

reactor (figure 1) working under the following main
conditions : Nitrogen gas pressure = 0.4 to 2 Torr (1
Torr=133 Pa); Plasma pulse duration (td) =0.1t 10

ms; Afterglow (between two successive pulses)
duration (tw) = 0.1 to 100 ms. The two electrodes have
50 mm in diameter. The cathode consists of an iron
disk (€ 30 mm) to be nitrided which is inserted in a
insulator holder and surrounded by a metallic shield.
The gap between anode arid cathode is fixed at a value
of 40 mm. .
Previous results showed that t and t have to be

pd
chosen so that the plasma reactivity be high enough -

and that the gas cooling during the afterglow be
minimised {1,2, 3]. In fact, a long afterglow (t, > 5
ms) leads to a strong cooling of the neutral gas and
consequently implies a more difficult plasma
inception as well as a change in the discharge
structure.

In order to better understand the effect of the energy
transfer from the discharge to the neutral gas, we have
carried out a comparison between experimental results
and those obtained from a numerical modelling of the
reactor, that is based on a model developed by P.
Bayle and A. Perrin [4]. This one dimensional model
is established from the first three moments of the
Boltzmann equation coupled with the Poisson
equation. The source terms and the transport
coefficients are computed taking into account the
breakdown of the local field approximation in the
cathode fall. This model has been improved by adding
a monoenergetic electron beam issued from the
cathode in order to take into account the high energy
electrons in the cathode fall and in the negative glow.

Results

We present here a comparison between results
obtained from the model and from plasma diagnostics
for different plasma conditions (pressure ; voltage).

In order to separate the gas heating from the other
discharge phenomena, the plasma measurements have
been performed with a short plasma pulse (t, = 0.1 ms)
and a long afterglow (t, = 50 ms) so that the neutral
gas temperature remains constant (equal to the room
temperature) during both the discharge and the post-
discharge. Under these conditions, the numerical
description of the discharge agrees well with the
experimental results, as can be seen on figure 2
showing current-voltage characteristics measured and
computed for different working pressures.

The optical measurements shown on figure 3a
correspond to the space variation of the intensity of
the first negative system of N, (N,'(B°L,v=0) —
N;'(X’Z,",v'=0) + hv) averaged over the plasma pulse
(100us). The space resolution of the fibre optic is 1.5
mm. These curves point out the extension of the
negative glow in the whole interelectrode gap. This
phenomenon is clearly increased by increasing the
discharge voltage owing to an increase in energy of
the electrons issued from the cathode (z=Omm). The
same behaviour is obtained from the numerical results
(figure 3b) which show a similar decrease of the line
intensity from the cathode to the anode. The small
intensity peak observed in the numerical simulation
can be explained by the fact that in the model, the
electrons of the beam are issued from the cathode with
a very low energy and are accelerated in the cathode
fall, thus getting in the near vicinity of the cathode the
energy needed to ionise and to excite the N.'(B) level.
This is not observed on the experimental curves owing
to the poor resolution of the optical device.

In order to take into account the neutral temperature
and density gradient in the interelectrode gap, the next
step of this work consisting in coupling this numerical
model with a two dimensional hydrodynamic model
of the neutral gas is under way.
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Figure 3: Line intensity of the first negative system of N,"(B) (391.4 nm) versus distance from cathode
for different discharge voltage : (1) 600V ; (2) 800V ; (3) 1000V ; (4) 1200V ; (5) 1400 V.

a) Experimental data - b) Numerical data

(Discharge duration : 100 ps - Post Discharge duration : 40 ms - Pressure : 0.4 Torr)
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1. Introduction

Low-temperature  plasma generated by using
discharges in pure rare gases or mixtures containing
rare gases forms active medium in gaseous lasers. They
are to be applied as carrier gases to various
technological applications. Processes occurring in this
medium are influenced by the diffusion of the excited
neutral species. Assuming the positive column of the
glow discharge to be cylindrically symmetrical the
radial distribution of different excited neutral atoms in
neon, argon and helium has been studied by means of
emission spectroscopy. Results achieved contribute to
the investigation of the diffusion processes in glow
discharge.

2. Experimental

Measurements were realised in the Pyrex glass tube of
the U-shape whose length is 700 mm. The central part
of the discharge tube (length 390 mm, internal
diameter 31. 8 mm) is equipped with Pyrex head-on
plane windows. The original scanning system for the
investigation of the radial alterations of the intensities
of the spectral lines is described in [1] in greater
details. This arrangement consisting of the negative
and positive cone mirrors (apex angle 90°) selects from
all rays emitted by positive column rays parallel to the
optical axis having the form of the hollow cylinder
whose base is a circular zone concentric with the axis of
the central part of the discharge tube. Both optical
surfaces of the mirrors are coated with aluminium.
Having the thickness of the testing cylinder about 16 %
of the internal diameter of the discharge tube D the
same spectrum is to be obtained compared to the case
when the testing bundle has the form of the cylinder
with the diameter 0.1D but the intensity is increased by
the factor of 80r/D (r is the radius of the wall of the
-testing cylinder). The optical system improves total
balance of power of the radiation detected especially
from the parts of the discharge tube near the wall. The
motion of the mirrors in the direction of the common
axis of symmetry is related by a linear function to the
radius of the zone which forms the base of the testing
bundle. The thickness of the zone is to be altered in the
range from 0 to 4 mm by two diaphragms.The spectral
analysis of the radiation was performed by means of the
monochromator SPM 2 (produced by .Zeiss Jena)
equipped with the grating having the groove density

651 grooves per mm. Monochromatic radiation is
detected by the photomultiplier tube Hamamatsu R 928.
Spectral resolution 0.8 nm was achieved. Radial
scanning was performed with the step 2 mm.The
experimental arrangement is to be used for radiation
whose wavelength ranges from 350 to 850 nm. Spectral
range is limited by the transmittance of the window
material and by radiant sensitivity of the multialkali
photocathode of the photomultiplier tube. Pressure
ranges from 0.5 to 6 Torr and discharge currents do not
exceed 30 mA. Spectrally pure gases manufactured by
Moravské chemické zavody Ostrava were employed for
filling discharge tube.

3. Results and discussions

The course of the radial profile of the persistent neon
line 585.3 nm[2] is shown in Figure 1. Intensities are
related to values at the axis of the central part of the
discharge tube. Radial positions are related to inner
radius R = 15.9 mm. The excited states of the neutral
neon atoms whose deexcitation is associated with the
emission of the lines investigated (spectral range 580-
725 nm) are mainly formed in collisions of the neon
atoms in fundamental quantum state with electrons (i.c.
¢+ Ne - e + Ne”). Considering pressures up to 2 Torr
pressure alteration of the radial profile of the electron
density is négligible [3]. For this reason the radial
diffusion of this excited state of neon depends on
pressure slightly.

The radial alterations of the intensity of the line 471.3
nm corresponding to deexcitation of the excited neutral
atom of helium are plotted in Figure 2 for pressures
0.5, 1 and 2 Torr (discharge current 20 mA). The
pressure dependence of the radial profile of the
intensity can be explained by the changes of the
diffusion coefficient which is inversely proportional to
pressure, Assuming higher pressure excited helium
atoms collide with neutral species more frequently.
This process results in deexcitation (i.e. He (4°S)) + He
- He(2°P, ) + He).

Investigating positive column generated in pure argon
ionizing waves in the space from which radiation is
collected by the optical system were detected. This
instability influences the radial profile of the lines,
especially at the radial position r/R = 0.31. Figure 3
exhibits the radial profile of the intensity of the
persistent argon line 696.5 nm[2] in the pressure range
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1 - 6 Torr. The courses are practically the same for

discharge currents 20 and 30 mA.
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Fig. 1: Radial intensity profile of the persistent line
585.3 nm of the neutral neon atom (transition 3s'[1/2}-
3p'[172], energy of initial state 18.96 eV, energy of
final state 16.85 eV, see e.g.[4]).
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Fig. 2: Radial intensity profile of the line 471.3 nm of
the neutral helium atom (transition 4°S;-2°P,,, energy
of initial state 23.58 eV, energy of final state 20.96 eV,
sece.g. [4]).
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Fig. 3: Radial intensity profile of the persistent line
696.5 nm of the neutral argon atom (transition
4s[1'H%-4p'['/)], energy of initial state 13.33 eV,
encrgy of final state 11.55 eV, see e.g. [4]).
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Influence of the neon and argon on the oxygen spectra in the glow discharge
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1. Introduction

The spectra emitted by glow discharge positive column
in the pure oxygen and in its mixtures with neon and
argon are studied. In this paper we are concentrating on
the dominant wave lengths of the pure oxygen in the
glow discharge. It means both the lines corresponding
to transition between atomic oxygen levels (777.4 nm
and 8447 nm) and the atmospheric A-band
corresponding to neutral oxygen molecule transitions
and represented by its head (759.4 nm) and origin
(761.9 nm) are studied. Influence of neon and argon on
these lines in the dependence on the pressure, discharge
current and portion of fire gas in the mixture is
analysed.

2. Experimental

All our measurements were realised in the discharge
tube of U - shape, the length of which was 700 mm and
the internal diameter 32 mm. The central part of the
discharge tube, 390 mm long, had Pyrex head-on
windows. The radiation across the discharge tube in the
direction of the axis of symmetry was collected by a
positive lens to the entrance slit of the monochromator
and after that was detected by photomultiplier tube.
Range of analysed wave lengths was from 350 nm to
850 nm. QOur study was realised for the pressures up to
800 Pa and discharge currents up to 30 mA. Under
such discharge conditions the radiant power was very
weak (mainly in the pure oxygen) and only
arrangement described above and relatively large slits
on monochromator allowed us to detect sufficient
signal of the lines and bands. The spectral resolution
was 0.8 nm. In the mentioned discharge condition in
the pure oxygen there are exist two forms of the
positive column - H form with higher axial electric
field and T form with lower one [1]. If both forms in
the discharge tube exist simultaneously, it is not
possible to use our experimental device for optical
analyses. For this reason we will focus on such
pressures, discharge currents and composition of the
oxygen rare gas mixture, where the H form is in the all
straight part of the discharge tube.

3. Results and discussion
3.1 Pure oxygen

Considering our experimental conditions, T form of the
positive column exists for 800 and 530 Pa

~ simultaneously with the H form so that, our analyses

will be concentrated on the pressures 65, 130 and 270
Pa. Dependence of the relative intensity of the head and

origin of the A-band it is seen in the figure 1. The
increasing intensity of both lines is evident if discharge
current or oxygen pressure are increased.
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Fig. 1: Dependence of relative intensity of the head
(759.4 nm) and origin (761.9 nm) of A-band
on oxygen pressure (.65 Pa, %.130 Pa,
+..270 Pa) and discharge current.

Because excited oxygen molecule is created by direct
electron impact e+ O, = e+ O, , the increase of A~
band characteristic lines is connected both with
increasing electron density with pressure and with
discharge current in the discharge; and with increasing
concentration of the neutral molecules with pressure.
Similar dependence of the relative intensities for lines
777.2 nm and 844.7 nm is shown in the figure 2.
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Fig. 2: The dependence of relative intensity of lines
7774 nm and 8447 nm on the discharge
current and oxygen pressure ( ¢..65 Pa, X..130
Pa, +..270 Fa).
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These triplets correspond to the deexcitation of the
oxygen atom, whose creation is predicted or by
dissociative excitation e+ O, = e+ O+ O* or by
direct excitation of oxygen atom e+ O=¢+ O*[2].
From the figure 2 it is seen that the greatest relative
intensity corresponds to the pressure 130 Pa for both
lines. It follows that additional contribution of oxygen
causes the lower level of dissociative excitation and also
of dissociation.

3.2 Mixtures

The same lines in the mixtures with neon or argon were
analysed, instead of origin of A-band by mixtures with
argon, where the intensive argon lines near its wave
length are more significant. It was possible to detect by
means of our optical arrangement also our analysed
lines at higher pressures with higher portion of inert
gas, where T-form did not exist more. It is possible to
say generally that lines of oxygen atoms are very
intensive in the mixtures, argon influence being more
significant. On the other hand the atmospheric band is
less important, for instance for 130 Pa in the mixture
with argon is practically undetected. It means that inert
gas helps to dissociate the oxygen. Situation for head of
A-band is depicted in the figure 3 for the discharge
current 20 mA. The same results for measured 10 and
30 mA were obtained.
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Fig. 3:. Dependence of the relative intensity of the head
of A-band (759.4 nm) on the portion of neon
and total mixture pressure ( »..130 Pa, %..270
Pa, A..530 Pa) and on the portion of argon and
total mixture pressure ( ®..270 Pa, A..530 Pa).

From this figure it is seen that relative intensity of the
A-band head decreases relatively slowly with increasing
portion of the inert gas. Similar situation was found for
the origin of this band in the mixture with the neon. It
can be explained by the fact that upper level for A-band
is highly populated and has the long radiative life time
[3] . In the figure 4 the situation for the line 777.4 nm
of atomic oxygen is shown for the discharge current 20

mA and mixture pressure 270 Pa. The same
dependence was found for the line 844.7 nm.
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Fig. 4: Relative intensity dependence of the oxygen
atom line 777.4 nm as a function of portion of
neon (e) and argon (°) for 270 Pa and 20 mA.

From this figure it is seen that inert gas causes decrease
of excited oxygen atoms. Similar situation for others
measured pressures and discharge currents was found,
not only for line 777.4 nm but also for line 844.7 nm.
There are several mechanisms for explanation of this
effect. Instead of higher dissociation degree, it is
possible also transfer of excitation. This fact
corresponds with the fact that influence of the argon is
more significant due to its levels above 11 ¢V, which is
near the uppers levels of these triplets [4] .
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Radial Dependence of Electron energy
in He and N, Positive columns
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1 Introduction

Recently, theoretical and experimental investiga-
tions of inhomogeneous plasmas which include RF
and DC glow discharges have been developed, be-
ing related to the electron kinetics {1,2]. For ex-
ample, such an inhomogeneity can be observed
in the radial direction of DC positive column
which is classic and representative. At present
time, a nonlocal kinetic approach proposed by
Bernstein and Holstein [3] has been used to de-
scribe the electron behavior in collisional DC dis-
charge plasmas. FElectron behavior in collision-
dominated plasma is governed by the collision
processes. The electron momentum is easily re-
laxed within a short length corresponding to the
electron mean free path, while the electron energy
is relaxed in a distance much longer than the mean
free path [2].

The bulk of EEDF in He discharges nonlo-

cally depends on the ambipolar potential, since
the majority electrons can behave collisionless-
like due to along energy relaxation length. On the
other hand, the bulk of EEDF in N, discharges
may be locally determined by the local electric
field due to a short relaxation length related to
the vibrational collision processes. Such a differ-
ence of the electron behavior may be attractive
from view point of the physical interest.

The aim of the present paper is to investi-
gate the radial dependence of EEDF in Ny and
He positive columns.

2 Experimental

The discharge is produced in a 1.8 cm-¢ (2R)
glass chamber, in which the gas pressure p is from

0.32 Torr to 1.0 Torr and the discharge current
I; range from 20 mA to 100 mA. A single probe
(0.08 mm-¢ and 1 mm in length), which is mov-
able, is installed to detect the EEDF. Accord-
ing to Druyvesteyn formula, the EEDF can be
deduced by using a finite impulse response filter
method [4].

3 Results and Discussion

Typical radial dependences of the electron en-
ergy probability function (EEPF) in He and N3
of p=0.96 Torr and ;=80 mA with respect to the
total energy are shown in Figs. 1(a),(b), respec-
tively. In He discharges, the bulk of the EEPF
at any radial position r are shifted by the corre-
sponding DC ambipolar potential, since the en-
ergy relaxation length for electrons with the en-
ergy below 20 eV is much longer than the tube
radius. The electron behavior is described by the
non-local kinetics based on the potential, while
there is ambiguity in applying the non-local ki-
netics to electrons with the energy higher than 23
eV.

On the other hand, the bulk of EEDF mea-
sured at r is independent of the ambipolar poten-
tial, while its tail (¢ > 4 eV : ¢ the electron ki-
netic energy ) depends on the potential, since the
relaxation length for low energy electrons which
may be correlated with the vibrational collision,
is much shorter than the tube radius and that for
high energy electrons (¢ > 4 eV) is much longer.
Thus, the behavior of electrons with such a low
energy can be determined by the local electric
field. However, the effective electron temperature
T.ss, which can be estimated by the measured
slope of the bulk (d log(f(r,€))/de : f(r,e) the
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Fig.1 Radial dependence of the EEPF for He in
(a) and N3 in (b) where 7=0, 2, 4 and 6 mm are
shown by — . —, - -+, — —, respectively.

123

local EEPF), gradually decreases from the axis to
the wall, as shown in Table 1. This phenomenon
may be caused by the diffusion cooling and the
decrease of the superelastic collision towards the
wall. Further experimental and theoretical inves-
tigations for the variation of effective temperature
towards the wall will be necessary.

Table 1. Radial variation of T.ss (eV), where
I;=40mA, 80mA and p=0.96 Torr

T(mm) Teff|4OmA TeffISOmA
0 1.82 1.99
2 1.76 1.96
3 1.76 1.91
4 1.75 1.78
5 1.74 1.68
6 1.64 1.55
7 1.42 1.22

4 Concluding remark

In the He discharge, the EEDF measured at r
can be approximated by shifting the EEDF mea-
sured at the tube axis by the ambipolar potential
from the axis to the wall except for its tail. On
the other hand, the bulk of EEDF measured at r
in the Ny discharge is independent of the ambipo-
lar potential, while its tail (¢ > 4 eV) depends on
the potential.
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THE STRUCTURE OF LOW PRESSURE HIGH-CURRENT DIFFUSE
DISCHARGE.
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Introduction

The structure of the high-current diffuse dis-
charge in magnetic field is considered in this work.
Experimental research of the powerful quasi-stationary
discharge in magnetic field [1] allowed to establish
existence of steady state forms which did not transform
in arc at high current density: 1) high-current magnetron
discharge, having an increasing volt-ampere
characteristics and the current up to 250 A (cathode
current density up to 25 A/cm?) and 2) high-current
diffuse discharge, existing at cumrents up to 2000 A
(current density up to 90 A/cm®). The later form of
discharge had bumed at constant voltage of 75+120 V,
which practically did not depend on current, pressure,
and geometry of crossed electrical and magnetic fields.
Life time of the discharge was 1.5+40 ms.

Model of the discharge structure.

Analysis of the experimental volt-ampere
characteristics at various pressures, inductions of a mag-
netic together with analyses of parameters of discharge
plasma (density and electron temperature) allowed to
assume, that the structure of the high-current diffuse
discharge essentially differs from that of both magnetron
discharge, which is characterized by prevalence
secondary (photo- and ion - electron) emission from the
cathode and Townsend mechanism of ionisation, and
arc discharge, which is characterized by prevalence
thermal-antoelectronic emission and thermal mechanism
of ionization.

From experimental data follows, that trans-
formation of magnetron discharge in high-current dif
fuse discharge is possible if the density of plasma can
reach some critical value (n,=5 10> cm™) comesponding
to small Debye’s radius. Comparison of the thickness of
positive charge layer near the cathode surface

] -
N/ \m) \kT,) \4me?n ) ’
corresponding to the electron density of discharge
transformation to the high-current diffuse mode, with
the free path between electron-atom or electron-ion
collisions Ag-gm.e-i (high pressure) and the height of
electrons trajectory over the cathode surface when
2 (B,
———2":° —(32—) (ow pressure),

allows to suggest that the cathode layer is collision free.

moving in cross fields A, =

Increase of the plasma density with current even
strengthens the condition [<A g-gm,e-1:5¢

Puasson equation for collisionless layer of the
discharge can be written as:

2 .
_%=4m(n,-—n,), j,'—'Sj'—'m‘:,
Ji=(1-8)i=enF, 'V':(z‘fng)
I,=(2e(vc—U)) s=t_o_de
i M Ity J.+J

where y=y,+y,, - coefficient of secondary emission,
cansed both by ion - electron and photo electron
emission. This equation determines intensity of electric
field near the cathode surface and magnitude of the
cathode potential {2]:

i
B, = {(;%;’Z[(x—s)ux -m%]} U%s%

}
U, = {é—:j’%—[(l - S)M¥% - m%]} F 0

From probe measurements follows that dependence of
plasmadensityonﬂmdischmgeclmltisvpmcﬁgally
near. Besides, it follow that I, ~1/(n¥),

ie. - Ucuﬁf{l/j%}" does not depend on j, ss is

observed experimentally. Presence of the collisionless
cathode layer make impossible prevalence of the
Townsend mechanism of ionization in the cathode fail
potential. This allows to assume that the basic ionization
processes go in the discharge plasma.

Balance of power in the high-cumrent quasi-
stationary diffuse discharge can be written as

LU= L:-(E,- +34T,+ 2K )+ Py + P,

where I,U, - total power deposition in the discharge
volume; —I:—(E,. + 34T, +%k1;) - power spent on ioni-

zation, and removed from the discharge area by charged
particles; P, - power, spent for heating of gas; P, - power
of radiation; E, - ionization energy. Following [3] power
of radiation can be written as

E
P, =VJ=195-10 1 Znn, 7&‘!'} kW/cm’]
[
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where V - volume, occupied by plasma of the discharge,
J - integrated radiation ability including collision
radiation, recombination radiation and radiation in the
Enear spectrum; E, - binding energy of the lowest level.

From the balance of energy i the discharge
and quasi-stationary equation of thermal balance of gas
in discharge area it follow

Fe= (15 —T,)M‘va,

That is, the temperature of ions and ges can reach
significant value

I
. I,U,—T‘(E,.+gkz;)—}°,
£ ArS
L
where 7, - quasi-stationary temperature of gas, 7, -

+}.k£4_
L

' temperature of electrodes, M, - weight of gas in the dis-

charge vohmne, C, - heat capacity at constant pressure,
= 2 = A
vy= 2/ A% - heat removal frequency, x Mn‘Cp’
- characteristic heat removal length, A - thermal
conductivity of gas temperature T, , M - atomic weight;
, - concentration of gas molecules § - cross-section.
For plane layer with distance between electrode L, Ay
equals L/,

For example for typical parameters of the high-
current diffuse discharge, 7=540 A, and U#=90 V, p=0.1
torr, B=0.8 kGs, temperature of gas with taking into
account of radiation, is 7,=3.2 ¢V, while for I/=1500 A,
T=54eV.

These values of temperstures and the
respective plasma densities allow to assume, that the
basic mechanismg of ionization in the high-current
diffuse discharge are ionization by fast electrons in bulk
plasma and thermal ionization.

Determination of the average density
of the discharge current.

One of major parameters, characterizing the
mechanism of the discharge maintenance and the
electron emission from the cathode is the cathode
current density (j.). The value of j, was determined from
simultaneous measurements of time dependencies of the
current and voltage of the d:scharge combined with
photography of the discharge area using the high-speed
frame camera in the shot mode of time scanning
(resolution 50 ps/shot). The measurements were carried
out in the range of cument 5+2000 A in the planar
magnetron in argon.

In the area of the preliminary discharge, the
luminescence occupies a thin ring with $=3.5 cm®
comresponding to area of maximum induction of the
magnetic field. In case when the discharge transforms in
the high-current diffuse mode, the luminescence area
becomes a homogeneous ring or sector with
§=20+40 cm’. The density of the cathode current in this
case becomes as high as reaches 40490 A/cm’.

The high-speed photography allows to
establish  difference  between arc  discharges,
characterized by a luminescence having the form of
bright point in the region of the cathode spot,
development, which is moved by the magnetic field, and
high-current diffuse discharge having the homogeneous
luminescence that allows to limit mean density of the
cathode current down to 90 A/em’.

| Spectral structure of radiation from

the plasma high-current diffuse discharge.

Spectral structure of radiation from plasma of
quasi-stationary high-curmrent diffuse discharge of low
pressure was determined. The discharge was formed in
the magnetic field with the induction down to 1kGs in
argon at pressure down to 1 torr and had the following
parameters: the cumrent 350+800 A, voltage - 90V,
pulsing power 30+80 kW, density of plasma (2+6)
10%cm . The measurement was made in the range of
wave lengths 4404900 nm. The experimental spectrum
did not contain lines which belonged to the material of
the cathode (Cu) or other metal impurity. This result
shows that there was neither significant cathode
sputtering nor evaporation of the electrodes materials.
This means that the average energy of ions, accelerated
by the discharge cathode layer less that the sputtering
threshold, and the surface temperature of the cathode
(average, and in period of a current pulse) was less then
the evaporation temperature.

Conclusions about limitations of bought
cathode current density and cathode surface temperature
together with calculations of the electrical field intensity
near the cathode surface allowed to conclude that
contribution of thermal autoelectron emission in the net
emission current is small and can be excluded as the
prevailing mechanism of maintenance of the high-

Conclusion.
From experimental results and model

estimations it follows that the structure of the high-

current diffuse discharge is characterized by

1. Existence of a collisionless cathode layer and arca a
bulk plasma, being an active zone of the discharge with
prevalence of thermal mechanism of ionization;

2. Prevalence of the mechanism of secondary (photo-
and ion - electron) cathode emission, )

that distinguishes it from classical magnetrons and arcs
of the discharges.

This work supported by Russian Fomdatlon of

Basic Researches (grant 95-2-044294).
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Penning discharge in regime of RF autogeneration.
1.V.Vizgalov, G.S.Kirnev, V.A.Kurnaev, D.V.Sarytchev, A.S.Savjolov
Moscow Engineering Physics Institute, Moscow 115409, Russia

It has been reported previously [1,2], that
under certain conditions an interaction of negatively
biased electrodes with plasma flows produced by
means of the electron beam driven discharge sets
unstable. The main factor determining the instability
development is bombardment of the surface
exhibiting enhanced secondary emission with
superthermal electrons. So, the current versus
voltage characteristic (CVC) for such an electrode
has a strongly marked current drop (similar to N-
shaped CVC of tunnel diodes but expanded by 3-4
orders of I-U magnitudes). Tuneable RF high
voltage electromagnetic oscillations can arise in the
coupled LC-contour. Superthermal electrons occur
not only in beam-plasma discharges. They are
pronounced in glow discharges and particularly, in
Penning discharge. So, it is of interest to investigate
the possibility of self-excitation of RF oscillations in
this type of discharge. The test cell with Penning
geometry has been constructed to meet the
conditions for autogeneration of RF oscillations in
the cold cathode circuit. Its concept and
experimental results on transitions to self-
maintained auto-oscillating regimes are presented.

The schematic diagram of the experimental
apparatus is shown in fig.1a. It consists of the
cylinder anode (50 mm in diameter and 800
mm long), water cooled magnetic coils,

1

b)
Fig.1. a) Schematic diagram of the experimental
Penning cell (1 - magnetic field coils, 2 - cathode
plates, 3 - vacuum vessel); b) equivalent electrical
scheme.

two cathodes with removable and water cooled
plates. The working gas pressure can be varied in the
range 10-3-10 Pa, the maximum magnetic field is
0.2T. Cathodes have separate biasing supplies and
the anode is under ground potential. Cathode
currents and voltages can be observed on the
oscilloscope monitor by means of Rogovsky coils
and RF voltage dividers. Discharge plasma
parameters are controlled by Langmuir probes,
mass- and energy analysers (not shown). One of the
cathodes has a diagnostic orifice.

The operation principle of the apparatus can
be cleared up by a simplified model, if at first the
initial mechanism of discharge excitation is left out
and cathodes are considered under bombardment of
ternary flows: ions, thermal electrons (Te~10 €V) and
superthermal electrons with energies distributed in the
range of some hundreds of eV. The cathode plate is
assumed to be made of a material with enhanced
electron-electron secondary emission. Notably high
secondary e-e emission is peculiar to materials, which
form stable oxide films, thin enough to be conductive
at low potential drops (Al, Mg, Be, for instance).
Fig.2 shows an example of the instantancous cathode
CVC obtained by computer integration with use of
experimental (time-averaged) data on ijon and
electron saturation currents, discharge plasma
potential, electron energy distribution function and
literature data on energy dependencies for secondary
ion-electron y(E) and electron-electron o(E) emissions
[3,4]. Oxide films on the surface of Al-Mg cathodes
used in experiments have o©~5-10 under
bombardment by electrons with energies in the range
of 200-600 eV. Other emissive mechanisms are
neglected, though in real conditions a photoemission,
microdischarges and a direct c¢lectron tunnelling
through  dielectric ~ films can take place.
Calculated CcvC depicts  a steep

Fig.2. Simulated instantaneous CVC for one cathode;
III-two types of loading characteristics; dashed lines
and arrows - an imaginary phase cycle.
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change of the current with cathode negative bias
relative to plasma potential (which approaches the
anode potential) due to both repulsion of thermal
electrons and backward acceleration of secondary
electrons. Further increase of the negative bias above
500V results in repulsion of almost all superthermal
electrons. So, the cathode current decreases to much
lower values dependent only on ions bombardment
of the cathode surface.

The principle electrical scheme of the
cathode circuit is presented in fig.1b. Its outer part
includes the DC bias supply E, the inductance L, the
active resistance R. The cathode-plasma contact is
assumed as non-linear resistance Ry and plasma
sheath capacity C(U) coupled in parallel. It is
convenient to characterise the circuit state by
cathode voltage U(t) and full current I(t) The circuit
behaviour can be described by the equations:

& -1,V M)

& qU)
da 1
" L(E IR-U), )]
where In (U) is instantaneous cathode CVC. The
phase trajectory [U(t),I(t)] is determined by concrete
circuit parameters and has always the clockwise
direction. The equilibrium points A and C are stable,
the point B is never stable and cannot be achieved.
The auto-oscillations arise around D, provided
L/CR> Rd (R« - differential negative resistance at
D). In A and C states, external pulses or inherent
fluctuations can trigger transition to metastable
states. A negative high voltage pulse can be formed
by one cycle motion along the phase trajectory for
A-type working point and a positive - for C. When L
is large enough, dI/dt is small and phase trajectory
transitions from one CVC branch to the other one
are almost parallel to U axis. U in maximum can
reach extremely high values due to the gentle slope
of the high voltage CVC branch, the dU/dt rate
increasing with voltage bias (up to 10!2V/s) through
the decrease of C(U).

Three operation modes with generation of
auto-oscillations have been observed in test

U,V
-1500 -1000 -500 0 500
{ 4-500
e S LU
4-1500
1-20005 ;mA

Fig.3. Average discharge current vs applied voltage.
Working gas Hz, p=3.8*104Torr. The dashed line
determines a range of voltage oscillations.

700V
ov ] :
-700V ] ]
-1400V | '
0 1 2 3

Fig.4. Voltage oscillogram for discharge parameters:
Hz, p=3.8*104Torr, average discharge current Ic=-
1.2A, applied voltage Uc=-360V (0.2ps/unit).

experiments: 1 - auto-oscillations are excited in only
one cathode circuit (similar mode can be realised for
one cathode discharge cell by replacement of the
other cathode with magnetic plug); 2 - auto-
oscillations are excited in both circuits
independently; 3 - the circuits are coupled through
inductances.

Though voltage pulses exceeding 10 kV are
realised experimentally, the unperturbed auto-
oscillation regimes (without external discharges) are
limited by electric strength of the cathode assembly
to moderate U(t) amplitudes - 1-2 kV. Fig3
corresponds to the third operation mode, when two
identical cathode circuits are counter-phased. The
disruption in the time-averaged CVC is accounted
for self-excitation of powerful auto-oscillations.
Fig.4 demonstrates high voltage cathode oscillations
with rather complicated harmonic spectrum. It is
interesting to note that at some intervals cathode
plate obtains a positive potential. According to
probe measurcments the plasma potential
oscillations have much lower amplitude compared
with cathode voltage oscillations (tens of volts near
the ground potential).

The experimental results show that in
contrast to the conventional Penning discharge the
observed auto-oscillation  modes exhibit some
features peculiar to the y-form of RF capacitive
discharges. The detailed model including self-
correlated effects in the discharge bulk volume, in
the sheath and on the plasma facing surfaces is to be
developed.
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Experimental and theoretical study of the non-locality effects
of the electron energy spectrum in O, DC glow discharge

V.V. Ivanov, K S. Klopovskiy, D.V. Lopaev, A M. Popov, A.T. Rakhimov, T.V. Rakhimova
119899, Nuclear Physics Institute, Moscow State University, Moscow, Russia

In general case, the electron distribution
function (EDF) in a spatially non-uniform electric field
can be found by solving the Boltzmann kinetic
equation. In the case, when the characteristic non-
uniformity length L is higher than the energy
relaxation length, the EDF is not determined by local
values of the electric field and becomes spatially “non-
local”. Note that in experiment, the EDF non-locality is
observed at low pressure, when the spatial dependence
of the EDF is determined only by the electron potential
energy in the space charge electric field [1,2]. A
physical foundation for this assumption are the
following considerations: for low gas pressure, the
motion of electrons in the space charge electric field is
determined by their total energy € = Wy - eV, where Wy
and (V) is the kinetic and potential - energies
respectively. In this case, the experimentally measured
EDFs for different spatial points should coincide when
we take into account the shift in the energetic space
equal to the potential difference between the
corresponding points. Such an effect has been found
experimentally in measurements of the EDF in Ar RF
discharge [3,4].

In this work, using the experimentally
measured EDF in various spatial points in the O, DC
discharge [5], we have carried out the analysis of the
applicability of the two-term approximation (TTA) for
the EDF calculation taking into account the spatial
non-locality. As a rule, for a DC discharge in a
cylindrical tube, the radial electric field E, is taken into
account only in macroscopic electrodynamical
equations, but it is ignored in the kinetic equation for
the EDF, which is assumed to depend only on the
uniform axial field E,. The field E,, which is due to the
space charge, is a “cooling” one with respect to E,. It is
obvious that the EDF non-locality should be observed
when E, ~E,.

The scheme of the experimental set-up and its
detailed description is given in [5], where the effect of
non-locality of the electron energy spectrum in an
electronegative gas has been experimentally shown at
first using as an example O, DC discharge.

It has been shown that for the case of low
pressures p=0.15-0.3 Torr (R*p=0.09-0.18 cm*Torr)
the approximation in which the EDF depends only on
the total electron energy is valid. With the increase of
pressure, beginning from some energy, the EDFs cease
to coincide in various space points. This fact means
that, beginning from some values of Rp, the
approximation in which the EDF is a function of only

the total electron energy becomes not valid. However,
this does not mean that the EDF is spatially local. In
this case, in order to describe the experimental data, it
is necessary to compare the experimental EDF (as a
function of the kinetic energy) with results of the
accurate methods of calculation (Monte-Carlo
technique).

However, high volume of numerical
calculations needed by these methods leads to the
necessity of studying more simple methods of
accounting for the EDF non-locality. In this work, the
applicability of TTA for the EDF calculation (taking
into account the spatially non-uniform radial electric
field E,) is analysed in comparison with the results
obtained by the Monte-Carlo technique (MC) and the
experimental data. The spatial dependences of the field
E; used in calculations were taken from the experiment.

a) The EDF calculation in TTA.

This is the most widely used method of the
EDF calculation in the glow discharge plasma. In this
work, we used the same equation for the symmetrical
part of the EDF as in [6].

b) The EDF calculation using the MC
technique.

In order to study the applicability of TTA
(when finding the EDF in spatially non-uniform case),
we solved the Boltzmann equation by MC technique
also. The components E, and E, of the electric field
were taken from the experiment. The value of the wall
potential was obtained in calculations using the steady-
state condition for the EDF similarly to the case of
TTA.

Calculations of the EDF were carried out for
the discharge current density j=5 mA/sm’ The
experimental values of the axial field E, and of the
electric potential radial distribution were used in the
calculations. As has been noted above, the radial field
in the plasma hinders the electrons moving along the
tube and makes equal one to another the effective
coefficients of electron and ion diffusion. Therefore,
knowledge of the wall potential U=U(r=R) is very
important for the modelling, because the it controls the
number of electrons which are able to overcome the
ambipolar field and leave the plasma. Unfortunately, it

~was very difficult to determine the value of the wall

potential in the conditions of our experiment. Thus, in
calculations, this potential was chosen in such a way
that the EDF were stationary. Deviation of its value in
any direction led to the exponential increase (or
decrease) of the electron concentration. As a result, the
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values of U obtained in calculations in TTA and using
the MC technique are different. But the closeness of
these values proves (to our opinion) the closeness of the
results of calculations in TTA and the MC technique.

' Fig. 2 (a,b) shows the EDFs calculated by
means of TTA and MC technique in various points of
the discharge for the values of total neutral species
concentration (a) N =4.8*10'° cm™ (p=0.15 Torr) and
() N =3.2%10'° cm™ (p=1 Torr). In the first case, the
EDF non-locality should be significant. The
experimental EDFs (as a function of the kinetic energy)
are shown in Fig. 2 (a,b). For the case (b), it is
reasonable to assume that the EDF should be close to
the local one everywhere except for the thin wall
sheath. Fig.2 shows that the experimental values and
results of calculations (both the ones taking into
account the spatial non-locality and the local ones) are
close to each other. For the case of low pressure (Fig.
2a), the role of spatial non-locality increases. As can be
seen from comparison of the calculations carried out by
the two methods, TTA leads to a significantly stronger
non-locality of the electron energy spectrum for high
electron energies. However, this difference in EDFs
produces only a very small effect on the calculated
values of the ionization coefficient (as well as on the
other kinetic coefficients in oxygen plasma). Indeed,
there is a significant difference between the EDFs (at
the tube axis) calculated by different techniques near 20
eV, and this energy is significantly higher than the
thresholds of all the inelastic processes (including the
ionization of O,-molecule). Therefore, even at this low
pressure, the calculations using different techniques
lead to practically the same results. This fact is
illustrated by Fig.3, which shows (togethér with the
experimental results) the radial distributions of the
mean electron energy, calculated by various techniques.
As can be seen from Fig.3, the results of calculations
made by different methods are close to each other.

The work is supported by the Russian
Foundation of Fundamental Research (grants 95-02-

06326 and 96-02-18747).
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The radial distribution of mean electron energy at vat"ious pressures,
Symbols are the experimental data, dashed lines arce the calculations
by TTA model and solid lines are the calculations by MC model.
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EEDF at pressure - 0.15 Torr and at current density - § mA/cm for
three radial positions - R=0,3 and 5 mm. The results of experiment and
calculations by MC and TTA methods are compared with local EEDF.
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All is the same as in Fig.1 only at pressure - 1 Torr.
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A Plasma Mirror for Electronic Microwave Beam Steering

W. Manheimer, J. Mathew, R. Fernsler, R. Meger, J. Gregor, D. Murphy, and R Pechacek
Plasma Physics Division, Naval Research Laboratory, Washington DC 20375, USA

Abstract

A planar plasma may be used as a reflector for
microwaves if the plasma frequency (at the angle
of incidence) is greater than the microwave
frequency. If this plasma mirror can be
repositioned electronically, it could have the
capability of redirecting microwave beams on a
very fast time scale, and as such it could have
important applications to radar and
communication systems.

The Plasma

The goal is the generation of planar plasmas

which have the potential of reflecting microwave -

beams [1-4]. The plasma is formed with a
unique hollow cathode glow discharge. The
hollow cathode is three sides of a metal
rectangle, about 1.2 cm deep and 1.6 cm wide,
and of length 60 cm. It produces a sheet plasma,
square and about 60 cm on a side. This plasma
has been studied mostly in air, although other
gases have been used also with similar results.
The background pressure is about 100 mtorr, and
a uniform magnetic field of about 100 G is
present. The field is oriented along the plasma
and perpendicular to the rear face of the hollow
cathode.

The discharge is struck at voltages of about 3-5
kev and currents of 5-20 Amps. As detected
both by Langmuir probes and particle detectors
beneath the anode, the plasma is generated by a
beam of electrons, produced at the cathode,
which have nearly the full cathode potential.
However this beam current is only a small
fraction of the total current in the discharge.
Electric field measurements in the plasma also
show that the electric field in the discharge is not
large enough to create avalanche breakdown.
Nevertheless, the plasma, generated by the beam
has very high electron density, larger than 102
cm at the highest current. This seems to be a
new mode of discharge operation, and we have
called it the enhanced glow mode. It is
characterized by lower current and higher voltage
than the normal hollow cathode mode, and lower
voltage and lower current than the abnormal
glow. Nevertheless, it produces a higher electron

density plasma than either one of them.
Preliminary theoretical analysis of the enhanced
glow assume an ion sheath of dimension much
smaller than the hollow cathode dimension, and
reflexing electrons in the cathode hollow. It
gives qualitative agreement for the voltage
dependence of the discharge and beam current in
the plasma. Also it gives qualitative agreement
for the electron density in the plasma.
Furthermore, it shows that the power into the
plasma is almost all dissipated on the cathode,
anode and outer wall; very little (but still enough
to be a concern) is dissipated in the gas.

Microwave Measurements

Many measurements of the characteristics of the
plasma as a microwave reflector have been made.
In order for the plasma to be a viable beam
director, at least for a radar system, it is
important that the quality of the microwave beam
be unaffected by the plasma. Thus the plasma
must be flat, be stationary and have very low
noise temperature. Experiments on the flatness
have been done in two ways. First of all the
microwave reflection from the plasma has been
compared to reflection from a metal plate. The
measurements were done at a frequency of 10
GHz, so the fact that the plasma reflects means
that the electron density is at least 10"%cm,
Absolute measurements of reflected power as a
function of angle show identical characteristics
within the main lobe. In each case, side lobes are

.reduced by about 25 dB, and the sidelobe

patterns are similar, but not identical. As an
additional check, imaging spectroscopy has been
done on the enhanced glow plasma to look for
variations in the emitted spectrum of the optical
emission. In the enhanced glow mode the
spectrum is dominated by emission of two
transition lines at about 400 nm, and this
emission is nearly uniform, possibly decreasing
slightly from cathode to anode. Thus the plasma
is very uniform in the enhanced glow mode.

A crucial figure of merit for a radar is
suppression of clutter with doppler filtering. In
order for this to be viable, the plasma must be
stationary, that is the motion of the critical
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surface must be sufficiently slow. With a
microwave heterodyne system, we have
measured the velocity of the critical surface.
When the plasma has settled down, the motion of
the critical surface is less than 2 meters per
second. However there is an initial transient of
about 50 ps (out of a 300us pulse) during which
the plasma moves first outward, and then inward
with a velocity of about 100 m/s.

An additional important quality of the plasma
reflector is its noise temperature. This is
particularly important for the radar receiver,
where it is receiving a signal which may be
extremely weak. One might at first think that
where the plasma temperature is an electron volt
or so (about 10* degrees Kelvin), the effective
antenna temperature would be very high.
However this is not the case, because at
frequencies of interest, the plasma is a reflector,
not an absorber. Theory shows that the
temperature should be about 200-300°K.
Recently we have performed measurements of
the temperature and have confirmed that it is
between 500 and 1000°K, a value reasonable for
a radar or communication system.

The Agile Mirror :

In order for the plasma to develop into a viable
component of a radar system, it must not only
provide a high quality microwave reflection, but
must also provide agility for the microwave beam
on a time scale of perhaps 10ps. There are two
separate systems which we envision as giving
rise to this agility. The first is a segmented
cathode with different parts of the cathode
electronically addressable. Thus by designating
the emitting portion of the cathode, we specify
one edge of the mirror, and we anticipate that this
can be done on the required time scale. To
achieve agility in the other plane, we envision a
transverse magnetic field which can be varied
also on a 10-20 microsecond time scale.
Preliminary experiments on designating one of
two cathodes have been done, but not on a 10us
time scale. The same is true for varying the
magnetic field. We hope that by the time of the
meeting, both capabilities are demonstrated on a
10 us time scale.

I1-3]
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Characteristics of the initiation and operation
of a repetitive pulsed hollow-cathode glow discharge

N.V. Gavrilov, G.A.Mesyats
Institute of Electrophysics, Ural Division of the Russian Academy of Sciences
Yekaterinburg 620049, Russia

1. Introduction

The pulsed low-pressure glow discharge with oscillat-
ing electrons is used in sources of electrons [1] and gas
ions [2] where the limiting frequency of beam genera-
tion is determined by the dynamics of discharge ini-
tiation in a large volume. The low electric field (0.1-1
kV/cm) in extended (~10 cm) interelectrode gaps, the
high degree of the surface conditioning, the large area
of the cathode surface (~10° cm?), and the low pressure
of the inert gas in the gap (< 0.1 Pa) are responsible for
the dominant effect of the dynamics of generation of
initial electrons and of the gas adsorption and desorp-
tion processes at the cathode on the time required for a
discharge to be initiated and on the discharge charac-
teristics in the quasi-steady stage of its operation.

2. Experiment

Used in the experiments was the coaxial electrode sys-
tem of the gas ion source [2], consisting of a stainless
steel hollow cathode with dimensions L =D = 150 mm
and a tungsten rod anode of diameter d = 3 mm and
length 1 = 100 mm. The anode is inserted into the cath-
ode cavity through a hole of diameter 10 mm made in
the end of the hollow cathode. The opposite end of the
cathode is perforated. A longitudinal magnetic field
with an induction B ~ 1 mT was created by a solenoid.
The working gas (Ar, N,) was fed.into the cathode
cavity. The gas pressure in the vacuum chamber was p
~ (1-2) 107 Pa, the average pressure in the discharge
gap was two or three times higher. Evacuation was
produced by a vapor-oil pump having no nitrogen trap.
The discharge was initiated in the repetitive pulse
mode (RPM) with the pulse repetition rate f varied
from 10 to 1200 Hz. The pulse duration t was 100 us;
the risetime was no longer than ~ 5 us. The amplitude
of the voltage applied to the gap V, (0.8-2 kV) was
stable within 5%. The discharge current was controlled
in the range 0.04-2 A. The temperature T, of the
cathode with the surface area S, ~ 10° cm® was
controlled in the range from 20 to 150 °C.

. The time required to initiate a glow discharge, t;, was
measured from the instant the V, was applied to the
gap to the onset of its abrupt fall to the' level 0.9V,
The discharge formative time, t,,. was determined

within the current pulse risetime from 0.1 I to 0.9 I,
with I being the steady-state discharge current.

The time t; as a function of f for Ty = 20°C, V, =2 kV,
B = 1 mT, and various values of I and of Ar pressure p
is given in Fig. 1. Both the time t; and the statistical
spread in t; values decrease as increasing f. An in-
crease in the current I results in a decrease in t;. The
time t, and the steady-state values of the discharge op-
erating voltage V and I as functions of f for B = 1 mT
and Ty = 20°C are given in Fig. 2. Increasing f in-
creases the discharge impedance in the steady-state
mode. As Ty is increased, the discharge impedance in-
creases, too. The changes of Ty in the range 20-150 °C

affects only weakly on the t,(f) dependence. For a

discharge in N, this dependence is similar to that for a
discharge in Ar; however, the steady-state values of V
and I are weakly dependent on f.

3. Discussion

The characteristics of a glow discharge initiated in
RPM can be affected by the transient processes occur-
ring in the discharge gap on cessation of current, pro-
vided that the time constants of these processes are
comparable with the value of 1/f: These processes are
the gas adsorption on the cathode surface and the post-
discharge electron emission.
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The experimental conditions are such that in the origi-
nal state a layer of adsorbed gas atoms is present on the
cathode surface, the number of the atoms being much
over their number in the gas space. For a discharge
operating in RPM, the number of the atoms desorbed in
a time T comes into equilibrium with the number of the
atoms adsorbed on the cathode in the time of the cycle
1/f. An increase in f has the result that this equilibrium
is established at a lower density N of adsorbed atoms.
The change in N may result in a change in the
coefficient of ion- electron emission y from the cathode
and in an impulsive increase in pressure near the
cathode and in the whole gas space. The increase in
pressure near the cathode may lead to a change in the
effective value of v, taking into account the probability
that the primary electrons will return to the cathode,
while the increase in pressure in the whole gap affects
the ionization rate in the discharge.

Estimates show that the change in N with increasing f
corresponds to some fraction of the monolayer, which
may result in changes in gas pressure and in discharge
impedance. The effective coefficient of electron
emission from the cathode of a glow discharge in the
presence of adsorbed argon atoms, may be 1-1.5 orders
of magnitude lower than that for a clean metal surface
[3]. However, even this substantial change in 7y is too
low to account for the 5-6-fold decrease in the
formative time of a discharge, t,, with increasing f.

The decrease in the statistical spread in t; values with
increasing f testifies to an increase in the frequency of
appearance of initial electrons, f.. The spread ~ 10 ps
measured for f = 10 Hz corresponds to the frequency f,
~ 10° s, Several mechanisms for the postdischarge
electron emission with no external electric field are
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known [4]; amdng these are the exoemission and the
electron emission through thin dielectric films. The
rate of change of the post-emission intensity abruptly
decreases with time. Increasing f and raising f. to
values at which 1/f, >> t,, leads to a speed-up of the
discharge development due to multi-electron initiation.
The avalanche-like current rise in the gap during the
initiation of a discharge is described by the relation
I(t) =1(0) exp (tw'=1). (0]
Here, I(0) is the current of the initial electrons, p is the
current enhancement factor, and T, is the time required
for a single avalanche to develop. For the current at
which the discharge goes into a glow, I(t;), being con-
stant, in order that the time t; be reduced to one fifth or
one sixth, the current I(0) should be increased by five
or six orders of magnitude, i.e., the initial electron
current density should be 10™"'- 10 s em™.
For cathodes with oxide films present on the surface,
higher (by 3 orders of the magnitude) current densities
of post-emission was observed for a long time [S].
A distinctive feature of the experiment performed was
the high pulse repetition rate, which allowed an inves-
tigation of the post-emission with high temporal reso-
lution (107 s). So we are able to detect the high rate of
decrease in the efficiency of the post-emission in a
system with the electrodes cleaned in a glow discharge.

4. Conclusions

In initiation a low-pressure glow discharge with a hol-
low cathode in a repetitive pulse mode, the dynamic
processes of gas adsorption and desoption on the large-
size cold cathode may affect substantially the
discharge impedance, provided that the pulse duration
is shorter than the time constant for the transition of the
gas conditions in the gap to a steady state.

A decrease in interpulse period decreases the formative
time of a glow discharge. This may be accounted for
by the increase in the current density of the post-
discharge emission of electrons and by the onset of the
multielectron mode of discharge initiation.
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Experimental Study on Standing / Moving Striations
and Standing / Moving Helices
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1. Introduction

Standing striations or moving striations are often
observed in a dc discharge at low pressure not much
exceeding 100 Pa. Standing striations often appear in the
gas composed of polyatomic molecule such as air [1],
while moving striations are observed mainly in rare
gases [2].

We observed that a standing striation transformed itself
into a standing helix continuously when a longitudinal
magnetic field was applied. Similarly, a moving striation
transformed itself into a moving helix. In this paper, we
describe the experimental observation on the transition
from striations to helices. We also report the dependence
of a standing striation on the discharge condition.

2. Experimental Apparatus and Methods

The experiment was performed in a hot cathode dc
discharge in helium. Figure 1 shows the schematic
diagram of the experimental setup. The discharge was
produced in a cylindrical glass tube with internal radius
of 73 mm in a longitudinal magnetic field. The anode
with diameter of 55 mm was situated inside the magnetic
coils. The cathode with diameter of 77 mm was situated
outside them. The distance between the anode and

cathode was 1135 mm. To keep the discharge stable, two
stainless meshes were set up near two electrodes.
Pressure was varied from 1 Pa to 22.5 Pa. Applied
magnetic field was up to 100 mT. Discharge current
was between 50 mA and 225 mA.

The transition from a standing or moving striation to a
standing or moving helix caused by an external magnetic
field was monitored by a CCD color camera.

3. Experimental Results

Figure 2 shows the pattern of discharge. In the absence
of the magnetic field, a standing striation spread
throughout the discharge region. With increasing the
magnetic field, striations near the anode leaned and
combined with each other and became a standing helix
at B=28 mT. Thus there appeared a standing helix on
the anode side of the discharge region and a standing
striation on the cathode side. As the magnetic field
increased further, the standing helix became clearer.
With increasing the magnetic field more up to 100 mT,
the standing striation and the standing helix changed
their forms gradually into a uniform discharge column
spreading throughout the discharge region, though we do
not draw in this diagram. -
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Fig.1 Experimental apparatus.
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The direction of helix dependedon the direction of
magnetic field. The standing helix twisted clockwise (as
a usual screw) in the case when the magnetic field was in
the same direction as that of the discharge current, and it
did counterclockwise in the case when the magnetic field
was in the opposite direction as of the discharge current.

Figure 3 shows the dependence of the distance between
the centers of two neighboring standing striations on
pressure, in the absence of the magnetic field. The
distance between striations decreases with increasing
pressure. The relation between the distance and pressure
showed hysteresis characteristics. The following form is
known as Wehner’s relation [2] between the distance L
and pressure P ;
L C

R ®R"

We fitted this relation to our experimental result. The
values of C and m were calculated in the gas pressure
range of P=12.5~22.0 Pa for R=3.65 cm. When the
pressure was increased, C=12, m=028, and C=13,
m=0.29 with decrease of the pressure. The curves in
Fig.3 shows Wehner’s relation drawn by using the
calculated values of C and m.

It is noted that the experimental result agrees with
Wehner’ relation, and that the value of m is 0.28 and
independent of increase / decrease of the pressure. The
value of m is usually 0.53 for hydrogen and 0.32 for
nitrogen [2]. The value of m obtained in our experiment
is close to that for nitrogen, which may suggest that the
discharge was contaminated by nitrogen or gir.

4, Summary

In this paper, we described the transition from a standing
or moving striation to a standing or moving helix caused
by the applied magnetic field. The direction of helix was
clarified. Also it is suggested that the occurrence of
standing striations or helices is related to the existence of
nitrogen molecules in the discharge.

[1] K. Honda: “Kitai Houden Gensho” (Phenomena in
Gas Discharges), Publication Bureau in Tokyo Denki
University, (1973) 137 (in Japanese)

[2] The Institute of Electrical Engineers of Japan:
“Houden Handbook” (Handbook on Discharge - revised
edition -), Ohm Company, (1975) 122 (in Japanese)

P=1 [Pa] Mesh
D0 0 0 P
Cathode E O <«<— B 0 E Anode
A
56.8 : V=392 [V]
=
E 455} | v=3852 (V]
B :
2
o 3411 V=396 [V]
®
[ =y
é’ 27 V=4015[V]
0 L
Fig.2 Discharge pattern with striation and
standing helix.
85
80 | Pressure Up
E
E 75}
1
70 | Pressure Down
65 L
10 15 20 25

P [Pa]

Fig.3 Dependence of the distance between
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Realization of high-current mode of glow discharge with oscillating electrons at
' lowered pressure

S. P. Nikulin
Institute of Electrophysics, Ural Branch of RAS, 34, Komsomolskaya str., Ekaterinburg, Russia

1. Introduction

The operation of glow discharges with oscillating
electrons, such as discharge in a magnetic field and
hollow cathode discharge, is possible in two modes: a
high-voltage one characterized by predominance of an
electron charge in the discharge gap, and a high-
current mode, in which almost the whole gap is filled
with plasma at a potential close to that of the anode,
and the discharge voltage concentrates in a narrow
near-cathode ion layer [1]. The use of the latter mode
is preferable for the development of powerful and
effective discharge devices. However, this mode is
realized at higher pressures, which can complicate its
use in those applications, where the operation at low
pressures is of prime importance, e.g. in the
development of sources of charged particles, in which
low pressure is necessary to prevent the breakdown of
the accelerating gap. So, the determination of
conditions promoting the realization of the high-
current mode at lowered pressure is an urgent task. The
purpose of the present work is the scrutiny of analytical
models allowing the determination of major factors
influencing the bottom boundary of the operating
pressure range for glow discharges with  hollow
cathode and in a2 magnetic field.

2. Hollow cathode discharge

The discharge maintenance mechanism is the
following: ions move from the gap to the cathode and
cause an emission of electrons, which are accelerated
in the cathode sheath and then spend their acquired
energy in collisions with neutral atoms, in particular,
on their ionization. Each of these fast electrons should
make I/y ionizations, where y is coefficient of ion -
electron emission. As to secondary electrons, their
contribution to ionization is negligible, because they do
not obtain sufficient energy from the weak electric
field existing in plasma. In a wide range of initial
energies of fast particles it is necessary to spend a fixed
quantity of energy W to create one pair of charged
particles. Taking also into account, that the frequency
of ionization ¥; is can be considered to be constant in
the 100 - 1000 eV energy range, which is characteristic
of fast particles of the discharge, one can write down

the following expression for the relaxation time of fast
particles ‘

5= eU, ,

1714

where e is the charge of electron, U, is cathode fall.
On expiration of time 7 fast particles lose their
ionizing ability. Besides, a part of fast particles escape
from the gap to the anode. So, the balance equation for
fast particles can be written as

A, n nps§,

Lt — =), 2
e T, 4 @

M

where . is the ion current at the cathode, V is the
volume of the cavity, nyand v are the concentration and
average velocity of fast particles, respectively, S, is the
area of the anode. Considering, that all emerging ions
come to the cathode, one can obtain the self-
maintenance condition in the following form

2Wu/3

EALIS S S 3
3p(l-1/u) ®
where
u=U,/U,, p=P/BE, C))
U =1 P:M (5)
ey’ U I6Wa(el,)’

P and T are gas pressure and temperature, respectively,
o is the ionization cross-section, k£ is the Boltzmann
constant. Condition (3) determines implicitly the
dependence of discharge voltage on pressure (Fig.1).

u
.
3 |
2 —

—
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0 1 1
0.5 1.0 1.5 p

Fig.1.
The dependence is two-valued, however, the states
corresponding to the top branch are unstable and are
not observed in experiments. The introduced parameter
Us is the discharge voltage on condition, that the fast
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electrons lose their energy completely in the gap, and
P, is the critical pressure, below which discharge
operation in the considered mode is impossible. P, is
proportional to anode area and one would think that it
would be possible to decrease pressure down to any
-desirable level by reducing §,. However with

S.<\m/MS., where m and M are electron and ion
mass, respectively, and S, is the cathode area, an
electron layer forms near the anode and the discharge
transforms to the high-voltage form [2]. Thus,
expression (5) for Py is correct when S,> ym/ M S.,
and one can obtain the following estimation
_ N27m/ MKTS,
'™ I6wo(eU,)

for the minimum possible pressure P; in the hollow
cathode glow discharge.

(6)

3. Discharge in maghetic field

Let us consider the problem in plane geometry. The
anode and the cathode are located in planes x = ¢ and
. x = d, respectively. The following equations of motion
and continuity for fast particles were used
_n 9 dlnyvy) ny

nv, =D, o - . . @)
where v, and Dy are the average velocity of directed
motion and the coefficient of diffusion of fast particles,
respectively. The appropriate equations for plasma
electrons were used in the following form
dn, m 22 dnv.)
o dx _
where n, and v, are the concentration and the average
velocity of- directed motion of plasma electrons,
respectively, D and u are the coefficients of diffusion

ny,=D —‘;inf )

and mobility of electrons across magnetic field,

respectively, @ is potential. There is no drift term in
(7), because the weak electric field existing in the
plasma does not influence significantly the motion of
fast particles. As for ions, they are not practically
affected by the magnetic field and leave the gap in
collisionless mode. The following equations of ion
balance and motion were used
d(ny,) _ d(”iviz) __en dp
& T T T Mdx )
where n; and v, are the concentration and the average
velocity of ions, respectively. Neglecting the
contribution of fast particles to the complete electron
charge one can use the condition of quasineutrality as
n.=n (10)
The analysis of system of equations (7) - (10) allows
one to obtain the self-maintenance conditi;on as

u(l-ch™(261b/u)=1, - (11)
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where ,

b=B/B,, (12)
B is magnetic induction, and parameter B, is
determined by expression

NI
S A, (13)
1ed _
where v, is the effective collision frequency of fast

particles. Expression (11) is an implicit form of
dependence wu(b) presented in. Fig.2. The curve

By =1

u
4 -
3 | .
2 {
1 { \
0 1 I
0.5 1.0 1.5 b
" Fig.2.

resembles qualitatively like the dependence wu(p)
obtained earlier for hollow cathode discharge.With
b<l or B<B, operation of the considered discharge
mode is impossible at any voltage, while with b>1 the
dependence is two-valued. As in the previous case,
only the states corresponding to the bottom branch are
observed experimentally. Besides the fulfilment of the
self-maintenance condition, for the realization of the
high-current discharge mode it is necessary that the
gap be filled with the plasma from the cathode sheath
up to the anode. This is ensured at pressures above
some value P; determined by the following expression
0.73W v,
(14)

P= >
L p dviv, kLM

where T, is electron temperature, and v, is the effective
collision frequency for plasma electrons at a pressure
accepted as a unit of measurement. At P=P, the
operation of the discharge is possible only at a single
value of magnetic induction B=B,, but the operating
range of magnetic fields expands abruptly, when P
increases.

*This work was supported by U.S. Department of
Energy through LANL (Contract No. 0248U0016-35).
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Experimental Investigations of the Anode Region of a
Low-Pressure Glow Discharge in Helium
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1. Introduction

Recently intensified investigations were carried out to
describe the weakly ionized plasma in quantity in the
different spatially nonuniform sections of the glow
discharge. There in the centre of the investigations was
the determination of the velocity distribution function
of the electrons with respect to the spatial inhomogenity
{11, [2], [3]. A verification of the theoretical statements
and calculations in discharge plasmas using a nonlocal
electron  kinetic  treatment requires  reliable
experimental data of the most important plasma
parameters. In this paper a choice of spatially resolved
measurements in the anode region of a low-current and
low-pressure glow discharge is presented.

2. Experimental conditions

In a collision dominated plasma of a low-current
helium glow discharge measurements of important
plasma parameters were carried out in the anode
region. The cylindrical discharge tube, with a diameter
of 2r,=40mm, contained a circular disc-shaped nickel
anode with 2r,=36mm in diameter. By using a
moveable electrical -probe the electron velocity
distribution functions, the density and the mean energy
of the electrons as well as the electrical potential
distribution were determined in the anode region and in
the positive column in their radial and axial
dependence. In the following presentation we mostly
confine ourselves to the reproduction of results on the
axis of the discharge tube.

The current and the pressure of the investigated
discharge were varied within the limits :

ImA/em < i/ry < 25mA/cem and
100 Pa cm < pyry <350 Pacm.

3. Results

The perculiarity of the anode region is to be seen in the
two dimensonal nonuniform structur of the plasma.
Fig. 1 shows the potential behaviour in the axis of the
discharge tube V(x, r=0) from the anode as far as to
the axial homogeneous part of the positive column.
This observed shape of the potential does clearly
deviate from previous investigations under comparable
conditions. A typical feature of its behaviour is the

development of a plateau near the anode. The potential
only raises in the vicinty of the anode due to the
development of a negative space charge sheath within a
DEgyE-length onto the value of the anode potential
Vix=0,r)=0.

Aok Helium
- £,=20cm
E_‘ Pof, = 140 Pacm
= -20

1]
B
X 30+
>
— i=20mA
A0 i= S5mA
-50

20 40 60 80 100 120 140
X [mm]

Fig. 1. Measured electrical potential Vy(x, = 0) as a function
of the distance x from the anode, with an anode fall of
Up1= 8.8V, Uaz=12.9V for i = 5mA resp. i = 20mA

The axial electric field strength,- that can be seen in
Fig. 2, has a very small value (E;=~0) within the
plateau zone. While approaching the positive column
we can observe a disctinct overswing of the axial field
strength above the value in the positive column.

ot Helium
— r,=2.0cm
g -1 Pyt = 140 Pacm
3]
-~
> -2
m-3f

4t ——i=20mA -

Y 20 40 60 80 100 120 140
X [mm]

Fig. 2. Damped periodical structur of the axial electric field
strenght Ex(r=0) versus the distance x from the anode
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This transient process is less clearly to observe in the
behaviour of the mean electron energy u,,(x) (Fig. 3).

10 T T T T T T
9 Helium

—_— 1,=20cm

% st Pyf, = 140 Pacm

g

| T+
6 —— i=20mA
5

0 20 40 60 80 100 120 140
x [mm]

Fig. 3. Mean electron energy um(X)

The electron density n. nearly rises up to the column
density as an exponential function (Fig. 4).

Helium

f,=2.0cm
0.6 P,f, = 140 Pacm
£ o
=04} —— i=20mA
------- i= SmA

20 40 60 80 100 120 140
X [mm]

Fig. 4. Relative electron densities n.(x), normalized on th
maximum value ng for 7 = 20mA :

In contrast to the column plasma, where the electron
velocity distribution function in a low-current regime
suffers a change in the radial diffusion field, which
means a drop of the mean energy, the mean electron
energy increases by approaching the anode (Fig. 3
and 5).

The radial variation of the electron velocity distribution

. function far from the anode in an axial homogeneous

section of the column plasma is shown in Fig. 6. The
course of the curves in Fig. 6 demostrate, that the
distribution functions under the investigated discharge
conditions depends only on the total energy & of the
electrons.

A theoretical description of the plasma in the anode
region requires an appropriate treatment of the distinct
nonequilibrium electron kinetics taking into account
the specific plasma conditions. Such calculations were
carried out under special simplifications [}] - [4].

1I-39

Fig. 5. Electron velocity distribution function in the axis
versus kinetic energy e,U and axial position x with i =20mA
and poro= 140Pa cm

10’ r
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1§ /'
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=] 10k !'I
3 ;
i
, i N
2 7,
10 ! KN
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0 25
e=eU-eV(r) [eV]

Fig. 6. Electron velocity distribution function versus the total
energy & on different radial positions  with

V() =V,(x,r)=V,(x,0) andx =140 mm

A comparison of the present measurements with
appropriate calculations of the nonlocal electron
kinetics shows a satisfactory agreement between the
theoretical and the experimental quantities within the
presupposed limits. ’ ’

4. References

[1] V. J. Kolobov, V.A. Godyak, IEEE
Transaction on Plasma Science 23(1995) 503.

[2] Y .B. Golubowskii, S.H. al Havat, '
L.D. Tsendin,
Sov. Phys. Tech. Phys. 32(1987) 760.

3] S.Pfau, J. Rohmann, D. Uhrlandt, R. Winkler,
Contrib. Plasma Phys. 36(1996) 449.

[4] . D. Uhrlandt, R. Winkler, J. Phys. D29(1996)
115.

XXIII ICPIG ( Toulouse, France ) 17 - 22 July 1997




1140

The Electron Velocity Distribution Function of the Radial Inhomogeneous
Plasma of the Positive Column in a Helium Glow Discharge
- Measurements and Calculations -
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Introduction

The strict kinetic description of the electrons in the
spatially inhomogeneous plasma of a cylindrical
positive column is an extremely difficult problem. To
obtain the electron velocity distribution function under
non-uniform plasma conditions, the kinetic equation of
the electrons has to be solved.

The aim of the following contribution is to compare
measured distribution functions with special solutions
of the electron BOLTZMANN-equation under specific
simplifications of the problem. For this comparison will
be taken into account the conventional homogeneous
approach (CHA), the local field approximation (LFA)
and the non-local approach (NLA) [1], [2].

Special solutions of the BOLTZMANN-
equation

The following numerical treatment of the problem
considers an axially homogeneous column plasma.

a) Conventional homgeneous approach (CHA)

This solution neglects the influence of the radial

inhomogenenity and of the column plasma on the

electron kinetics. The distribution function can be
obtained from the BOLTZMANN-equation with a
constant axial electric field E, neglecting the radial
inhomogenity taking into account the elastical and
releveant inelastical collision processes [1], [2].

[EZ3K(U) Y )+2—U2”0Q4(U)fo(U)]
=UY mQiU) foU) - S,
k

b) Local field approximation (LFA)

The local field approximation considers the equilibrium

of the energy gain of the electrons in the total eletric
5\ 12

field E=(E?+E})

collisions. To obtain this approximation we have to
replace in the upper equation E, by E.

and the energy loss by

¢) Nonlocal approach (NLA)

The replacement of the kinetic energy e,U by the total
energy ¢ allows a transformation of the BOLTZMANN-
equation in a more simple form. Assuming that the
energy relaxation length A, is large in comparison to

the radius of the discharge tube, and integrating the
kinetic equation at a fixed ¢ over the relevant cross
section of the plasma column, we obtain an ordinary
differential equation for fo(e) [1].

de |:Ez 3K(U) de fo(5)+2 Uz”on(U)fo(E):l

=UD mQiWU)fo(6)-5o©),
k

R
with &=eU—el, , b(U)= j b(e,r)rdr and

R defined by—e,)V (R)=¢ for 0<¢&<—egV, (r,)and
R=ryforez-el (r,).

Comparison with measurements

Measurements of the EDF in the positive column of
helium a glow discharge were carried out under the
following conditions: discharge current i = 25 mA,
pressure po = 110 Pa, tube radius 7o = 10 mm. Under
these conditions we can find for the energy relaxation
lenght: A >ryforU<gandi . =ryforU>¢g, &
treshold energy of the excitation.

20

- ,9'Vn [V]

Fig. 1 Radial potential and field strength profiles

In Fig. 1 the measured floating and space potentials
and the proportion of radial and axial field strength are
presented. The radial component of the electrical field
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strenght E, increases by approaching the wall and
exceeds the axial one by more than one order. These
measured radial profiles of the potential and the electric
field strength were used to calculate the distribution
function from the modified BOLTZMANN-equation.
Fig. 2 shows for the axis of the discharge tube that the
calculated EDF's in nonlocal approach in the region of
inelastical collisions significantly deviate from the
measured ones. A good agreement can be found in
comparison to the conventional solution.

107 Y T T y T 3
]
_ ]
§ 107
%
e
@ 3 EDF,r/r, =0 ]
| 10 measnrement E
nonlocal approach
tional solution and
local field approximation
10 . .

0 5 10 15 20 25 30
e,U [eV]

-

Fig. 2 Calculated and measured EDF's, » / ro = 0, TO(U)
normalized to one

S

o 101 3 ——measured 3
2 nonlocal approach ]
£
S" ' paraneter: r fr
10° 3
% 0.5
- 0.75
3 ]
= 3
@o 10+ 0.25 3
Syt
4
10 S

e=eU-¢eV () [eV]
‘Fig. 3 Radial EDF's vs. total energy ¢

Fig. 3 demonstrates that the radial dependence of the
EDF's is described in a good manner by the nonlocal
approach. On the other hand the local field
approximation deviates drastically from the measured
EDF's as to be seen in Fig. 4.

In Fig. 5 the measured electron density profile is
compared with results of the nonlocal approach.

n,(r)=n, I fo(a) e+elV,(r)de
—egV,(r)
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1 0.1 T T T T %
EDF, v/, = 0.65
...... measurement
— s nonlocal approach
S conventional solation R
> 10.2L ------ local field approximation
[}

|+

10% \ E

1 0-4 1 1 ‘ 1 ) |\ 1 ‘I“

0 5 10 15 20 25 30 35 40
eU [eV]

Fig. 4 Calculated and measured EDF's, r/ ry = 0.65

10

n(r)/n0)

" measurement

o
[X)

nonlocal approach

0.0 0.2 0.4 06 08 1.0

Fig. 5 Measured and calculated electron density profiles

Final Remarks

The measured electron velocity distribution function
(EVDF) under our discharge conditions show a
distinct change of the EVDF in dependence of the
radial position. The discussed three cases of the
simplified treatment of the imhomogeneous electron
kinetics deliver different radial variations of the EVDF.
Though the supposition for the validity of the NLA
under our discharge conditions are only approximately
fulfilled, the NLA alone describes the radial
dependence of the EVDF in a satisfactory agreement
with the experimental results.

References

[1] Tsendin, L. D., Plasma Sources Sci. Technol.
4 (1995) 200-211.

[2] Pfau, S., Rohmann, J., Uhrlandt, D., Winkler
R., Contrib. Plasma Phys. 36 (1996) 4,
449-469

XX ICPIG ( Toulouse, France ) 17 - 22 July 1997




1142
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Abstract

Analysis of repetition rate influence on the PSS
operation characteristics is presented. Depletion of
neutral densities in the main gap as function of repetition
rate is carried out.

I Introduction.

In the 1980s' a new class of -switches, so called
PseudoSpark Switches (P.S.S.) has been developped.

The Pseudo-spark discharge is a low pressure gas
discharge working on the left side of the Paschen-like
hold-off curve. The P.S.S is characterized by a fast
current  breakdown phase during which the
corresponding high current density can be achieved with
a diffuse aspect discharge over a large cathodic area.
Moreover, it is able to operate at high repetition rate.

These features make the P.S.S. very attractive.
Consequently that one becomes an alternative of usual
high power switches. .

The purpose of this paper is the investigation of the
repetition rate influence on the gas heating and
subsequently on the operating characteristics of the
PS.S.

IT Experimental set-up.

The PSS trigger design corresponds to those of
Mechtersheimer et al [1]. It consists to inject electrons,
in the hollow cathode, provided by the mean of a pulsed
low pressure glow discharge created back of the cavity.

During the tests [2], two types of hole are used : a
-central hole, and a ring hole allowing to increase the
active surface of the hole while preserving a large hold-
off voltage.

The dumping circuit is composed of a 6nF total
equivalent capacitor. The inductance of the circuit is
32nH. The capacitors are charged by a D.C. power
supply (10kV, 2kJ.s). Thus, the P.S.S. absorbs 300m]J.

The repetition rate is limited to 2kHz. In these
conditions, the P.S.S. dissipates 600W mean.

I Preliminary investigation
III-1 Results

On figure 1, at 1Hz for a 10 % mbar air pressure, we
note a 0.9us delay which corresponds to the hollow
cathode. glow discharge inception. When the repetition
rate slightly increases (10Hz), due to the decreasing of
the gas dielectric strength, the delay decreases.
However, above 25Hz, the delay increases significantly.
At 250Hz, the delay reaches 19us. By increasing the
pressure from 1 to 1.8x10 2 mbar, the delay falls down

to 0.9us. At 2kHz, to obtain a value close of the initial
delay of 0.9ps, the pressure has to be 12x10” mbar.

p (102mbar) 1 1.8 12
2 \
\/

15

delay (ps)

1
— " 4 +

05

1 10 100 1000 ¢(Hz) 10000

figure 1. triggering delay versus repetition rate and pressure

We can deduced the following conclusions :
1) The operating at high repetition rate in air increases
the delay.
2) Contrary to what we could expect, the repetition rate
operation increases the switch dielectric strength. This
significant feature is shown in the figure 2, where the
hold-off voltage (DC) versus the pressure is compared to
that which was obtained in the preliminary experiment in
repetition rate operation.

Thus, the 2kHz operation corresponds to a hold-off
voltage of 2kV.

V(kV)

£2 kHz
| o T (—, .

f=0Hz
AT

1 12

p (10?mbar)
figure 2 : Working point according the pressure breakdown.

IT1-2 Interpretation
First, we have supposed that the Townsend dark

discharge conditions were modified by increasing the
repetition rate, i.e. reducing the time duration between
two successive switchings. Nevertheless, by drastically
varying the repetetive rate from 250Hz to 2kHz, the new
steady delay value is reached only after several seconds.
Consequently, hold-off voltage conditions are not only
depending on the electrical parameters but, in addition,
on internal modifications of the medium .

In single shot experiment, the hold-off voltage can
be considered as a function of the pressure.
Nevertheless, as reduced fields are high, due to low
pressure and small dimensions, the electrons energy is
larger than the neutral one. Therefore the hold-off
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voltage can be expressed rather as a function of the
neutral density, i.e. the collision frequency.

Besides, it is necessary to note that the neutral
density is a decreasing function of the delay. When the
collision frequency increases, we reach self-breakdown
conditions.

The interpretation of the initial experience is given
below, on the figure 3 where numbers indicate the

sequence.
£=1Hz
V(kV) and f=2kHz

f / p constant
10 (2) ——t——mp—e\}:
p /" feonstant

4) alimentation stops n (em?)

figure 3 : Experiment interpretation (step by step)

When the frequency increases, the delay increases,
i.e. the neutral density decreases. So, the delay can be
compensed by increasing the pressure, corresponding to
a new neutral density. Thus, we can explain that, at
2kHz, the self-breakdown voltage has not reached.
When the power supply has stopped, the increased
pressure corresponds to a neutral density ten times
higher, and consequently the hold-off voltage is only
2kV.

The delay increase is interpreted therefore by a
decrease of neutral density in all the interval (gap +
hollow cathode).

Assuming, in all parts of the switch, the
thermodynamic equilibrium, the interval depletion
corresponds to the heating of the medium. When the
injected energy in the medium increases, the neutral
temperature increases and the neutral density decreases,
according to the p = nkT law.

IV Measures at constant delay
IV-1 Results ‘

As delay depends on neutral density, it is possible to
measure the pressure variation at constant neutral
density, i.e. at constant delay.

p (10?mbar)
120

100 ] pi=3,8 107mbar
80 I

80 pi=a5 10%mbar

40 /
pi=6,2 107mbar
20 +

o t
0 50 100 200 250 300

150
Power (W)

figure 4 : Pressure to keep delay constant versus power

So, the pressure variation is plotted on the figure 4
versus the power injected at constant delay and for three
different initial pressures p;.

We observe that variations increase as p;. However,
we must notice that the maximum allowed power
depends on the plasma radial expansion that makes a
short-circuit along the charged insulator.
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IV-2 Interpretation
Assuming that current mainly correspond to an

electron beam [3], which yielded energy to the medium,
the probability that an electron of the beam collides by
crossing the interval is proportional to the neutral
density.
Thus, the energy E yielded to maintain the plasma is
expressed as:
"ExW.nacW.pj

"where W corresponds to the power dissipated in the

P.S.S. and n the neutral density.

Moreover, assuming the thermodynamic equilibrium
for neutral species, we write :
Tg _»
== == =f(W.p})
Tgi pi i
By using the previous experimental data, we obtain
the following curves (figure 5 ring curve).

To (eV)
1z 1 Py
i m— T
nng v
T AT
01 Z = =
o pr—
[ =t = o —]
|
0.01 —
0 200 400 600 800 1000 1200 1400 1600

W.pi (W.10? mbar)

figure 5: Gas temperature versus product of initial pressure and power

The curves behaviours for the three pressures p;, at
constant delay are very similar especially for a product
W.p; lower than to 400.10% W.mbar. That means that
the gas temperature mainly depends on the energy
injected in the plasma (W.p;) and on the cooling
Because this depends on the repetition rate and on
physical conditions, the neutral temperature variations
can be written : - :

In (Tg/Tg) =k W.p; k : a constant

In addition, others experiments made for a cathodic
central hole P.S.S. are reported and compared with
previous results on figure 5. We observe a same feature
in function of W.p;. In this case, the gas is heated with
higher power. This is due to the fact that the electrode
temperature for a same total power absorbed by the
switch is lower for the cathodic central hole than for the
cathodic ring hole. That corresponds to a best cooling of
the plasma.

V Conclusion

A depletion effect in the gap is due to neutral
heating. The energy loss in the gas is function of W.p;.
This argues in favour of a beam electron transport mode
during the superdense glow. The cooling mainly depends
on the electrodes and so on their designs.
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Introduction

The negative resistance plays a crucial role in the the-
ory of instabilities and oscillations of the low-current
discharges in parallel-plane geometry [1, 2, 3, 4]. In
this paper we extend the simple model developed by
Phelps and coworkers [3] of the negative differential
resistance.

Recently the interest in low current diffuse dis-
charges has increased. The reasons are that there are
still some unsolved properties of such very simple dis-
charges which were believed to be exactly described
by a uniform field and Townsend’s theory based on
effective spatial coefficients. In addition those dis-
charges may be used to determine transport coef-
ficients and when operated at very high E/N they
reveal some properties of sheaths such as nonlocal,
non-equilibrium behaviour and excitation induced by
heavy particles. As a result of their simplicity and
accuracy of the available experimental data such dis-
charges have recently become interesting to test nu-
merical models which would later be applied to the
inhomogeneous, higher current, discharges [5].

A linear theory was developed by Phelps and
coworkers [3] which overcomes some of the limita-
tions of the inherently nonlinear, similar theory of
Melekhin and coworkers [4]. Experiments have re-
vealed that under some circumstances, the effective
negative differential resistance (voltage to current ra-
tio) becomes nonlinear [6] behavior of low-current
electrical discharges needed to describe the experi-
mental results. Therefore we have attempted to ex-
. tend the theory of low current discharges of Phelps
and coworkers [3] but in the process we became aware
that Phelps [7] has developed a theory similar to
ours with details which are still not available to us.
The non- linearity in negative differential resistance
is the precursor of a series of non- linear phenomena
observed in those discharges that lead eventually to
constriction (8].

In this paper analytic expressions for differen-
tial resistance are developed using the steady-state,
local-equilibrium model for electron and ion motion
and a second-order perturbation treatment of space-
charge electric fields. ’

Theoretical evaluation

In this section we will calculate the negative differen-
tial resistance of the discharge Rp caused by space-
charge distortion of the electric field. We limit the
discharge current so that the perturbation of the ap-
plied electric field is small. Thus we calculate the
space charge to the second-order using the steady-
state ion and electron current densities appropriate
to a spatially uniform electric field.

The space-charge-induced electric field E; is found
by solving Poisson’s equation:

dE, 1 j

= E;V_V:[l — exp(ap(z — d))]. (1)

Here £y is the permittivity of free space, j is the
total current density, W, is the positive ion drift
velocity and ag is the spatial ionization coefficient
appropriate to the unperturbed electric field Ey. The
z-axis is directed from cathode to anode and d is
the separation of the parallel-plane electrodes. By
integrating Eq. (1) we obtain

E(2)-EO = %ﬁ%aﬁwz—ﬂMmu—d»
+ exp(—agpd)] (2)

where E( ) is the electnc field at the cathode caused
by the space charge (E, ©) _ unknown boundary con-
dition). From Eq. (2) we can calculate

d
vy = -—/ (Bs(z) — E{OYdz
= -l ©
o W.
and
d
VO = / (Ey(2) — E©O)2dz
_1 3 e
awr/Pewd @

Functions f() and f(®) are known.
The second part of derivation is the evaluation of
the potential change 6V between electrodes caused
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by the space-charge-induced electric field E;:

5V 1= — / ' B(2)dz. ®)
1]

We first expand a and v (ion-induced electron yield
at the cathode) in Taylor series in the vicinity of the
unperturbed field Fy to the second order in E;:

a(E) = a(E)+ ol(FE — Ey)
+50n(E ~ o)’ +o(E2),  (6)

wEC) = y(Eo) +y(EC - Eo)
+%7//(EC - Eo)* +o[(E7)Y] (7)

where E¢ = Ey — (©) is the (perturbed) electric
field at the cathode. Substituting these expressions
into the discharge maintenance condition

d
1 =~(E°) [exp (/0 a[E(z)]dz) - l] (8)

and keeping only the terms to the second order in
E,, leads after some algebra to the equation of the
second order in V. General solution can be obtained
in an analytical form:

1

(SV:—%

{k2 + oV & [(k2 + ksdV D)2

— 4k, (k45v;<1) + ks (SVN2 4 kﬁavsm)] E} (9)

where
kv = ki(ao, 0,00, ait, v, d)
ky = ka(ao,,,7,d)
ks = ks(ao,v0,, 71,91, d)
ks = ka(y,vd)
ks = ks(ao,0,al, Y/, d)
ke = ke(ao,v0,0,). (10)

Finally, negative differential resistance Ry is defined
(3] as

ASV

TE (11)

where A is the electrode area, I total current and 6V
can be calculated from Eq. (9). Equations (9)-(11)
show that for a given set of electrode and gas param-
eters, Ry is a function of the variables W, (E/n),
a/n(E/n) and . The final result is too complex to
be presented here but is open to analytical analysis
and easy numerics as it is a purely algebraic result.

Ry :=
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Discussion

The predictions of our model of negative differen-
tial resistance when compared with published data
[1, 2, 3] and our experimental data for low-current
hydrogen discharges give an insight into the mecha-
nisms that lead to development of negative differen-
tial resistance, self sustained oscillations in low cur-
rent diffuse discharges and their transition to con-
stricted regime. The present theory only includes
the second order effects in ionization coefficient and
secondary electron yield due to ion bombardment.
The basic feedback mechanism assumed is the ion
drift to the cathode and secondary electron produc-
tion. At higher pressures [7], however excitation of
resonant states may lead to emission which can pro-
duce initial electrons at the cathode and also diffu-
sion of metastables may lead to negative differential
resistance as well. Those processes will have different
non-linearities inherent in them. Generally however,
description of the development of constrictions will
also require inclusion of non-linear effects due to elec-
tric field deviation.
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1. Introduction

The subject of this paper is to establish processes
of charged particle decay in nitrogen afterglow from
the breakdown time delay data and determine the
variation of the effective diffusion coeflicients from

.the ambipolar to the free diffusion limit. Hence, the
breakdown time delay data (4) as a function of the
afterglow period or relaxation time (7) (the memory
curve) are modeled on the basis of a simple diffusive
model. The values of the effective diffusion coeffi-
cients from the ambipolar diffusion limit to the free
diffusion limit and effective electron temperature in
the afterglow are determined.

2. Experiment

The memory curves represent the plots of the
mean value of breakdown time delay (f3) as a
function of the afterglow period or relaxation time
(7). The memory curves were obtained for a gas
tube made of molybdenum glass with volume V =
160 cm® and area Sy = 180c¢m2. The electrodes
were copper rods, with area Sg = 1.3em? and gap
d = 2mm. The tube was filled with Matheson re-
search grade nitrogen at 6.6 mbar pressure.

During the experiment a series of pulses is ap-
plied to the discharge tube. The time between the
voltage pulses 7 and the breakdown time delay t4
were measured. The voltage of the pulse is U, + AU,
where AU/U, is the fractional overvoltage given in
percents and U, is the static breakdown voltage.
The glow current was I, = 0.5mA and glow time
ty = 1s. The mean values of the time delay were
established from series of 100 measurements. More
details can be found in [1-3].

The total time delay comprises of the statisti-
cal time delay t, and the formative time tj, i.e.
tq = t, +t; [4]. The statistical time delay can
be expressed as {, = 1/Y P, where Y represents a
number of generated electrons in the inter-electrode
space per second (electron yield), and P the prob-
ability of one electron to cause the breakdown. If
we assume that the breakdown probability is P = 1
at AU/U, = 50%, the effective electron yield in the

interelectrode space can be obtained as Y =~ 1/%,.
Since standard deviation of statistical time delay
is equal to the mean value of statistical time de-
lay o(t,) = %, [4] and o(ts) = o(t,), we obtain
the mean value of statistical time delay in the form
1, = o(ts) = 1/ Y which is associated with electron
production and used for modeling of relaxation pro-
cesses in afterglow [3].

3. Charged particle decay in after-
glow by simple diffusive model

The temporal behavior of the breakdown time
delay due to decay of ions as discharge precursors
can be followed by numerically solving the following
two equations for the diffusion and loss of ions on
surfaces and for the yield of secondary electrons [3]:

o,
or

Y =F; NilE (VC/2)/AT. (2)

The first term on the right-hand side of (1)
designates the transitional diffusion with the ef-
fective ion diffusion coefficient extending from an
ambipolar diffusion limit to a free diffusion limit
[5], and the second one is the dissociative recom-
bination term. The value for the dissociative re-
combination coefficient ke ~ 10=7cm=3s~1 [6]
is taken. The equation (1) is solved by the finite
difference method. The grid is developed that cor-
responds to our mostly cylindrical geometry with
exact representation of geometry, assuming com-
pletely absorbing electrode and glass surface for
ions (N;|le,w = 0). In previous equations N;|g is
the ion number density at the front electrode sur-
face (N;|w corresponds to the wall surface), V¢ is
the volume of the inter-electrode space and AT is
the numerical time step.

In the first step, the stationary density dis-
tribution is calculated on the basis of estimated
concentration in the inter-electrode space (Njp ~
10'°¢m~3). In the second step, the density distri-
bution during the decay is followed. The value for
the effective diffusion coefficient is varied ranging

= Dejfvai - krecNizy (1)
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from an ambipolar diffusion limit to the free diffu-
sion limit [5] in order to fit the experimental data.
The fitting of experimental data with constant and
transitional effective diffusion coefficient and prob-
ability Py ~ 10~* is shown in Figs 1,2. For the
early afterglow times of the order of ~ 0.1 ms all
the conditions for the ambipolar diffusion are met,
i.e. A/ Ap; > 100, where Ap; = /(o k T;)/(N; €?)
is Debye length for ions [5]. For those times however
dissociative recombination dominates and diffusion
coefficient cannot be determined. For greater times
the effective diffusion coefficient can be obtained
and D.sy = 110cm?s~1 gives the best fit up to
20 ms (Figs 1,2), and A/ Ap; from about 100 to 1.
Above 20 ms a relatively rapid transition to the free
diffusion coefficient (D; ~ 8cm?s™!) is needed to
fit the data (Figs. 1,2), and D,y should be a linear
function of A/ Ap;. According to our calculations,
the region of transition to free diffusion coincides
with A/Ap; ~1-0.1.

107

10"

10° 107 1
T (s)

Fig. 1. The electron yield Yy in the inter-electrode

space vs T at Dy = const (broken curve) and with

transitional D,y (solid curve).

According to the theoretical calculations of the
temporal evolutions in discharge and post-discharge
regimes of electronically and vibrationally excited
molecules as well electron energy distribution func-
tion [7] the very early afterglow is characterized by
very fast relaxation of initial electron energy distri-
bution function to a quasi-stationary state where
superelastic vibrational collisions compensate the
inelastic vibrational losses and the mean electron
energy &, decreases to a quasi-stationary value of
0.45¢V in times of the order (10~7 — 10~%)s. The
quasi-stationary state described by vibrational tem-
perature and quasi-stationary £, value change self-
consistently (in times of the order of 103 —-10"2s)
as a result of the variation of a vibrational distri-
bution [7]. In this time interval the diffusion is
the predominant relaxation process (Figs 1,2). If
D.y; is expressed as D,sy ~ D;(T./T;) (like in am-
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bipolar diffusion limit [5]) and assuming that the
ion temperature T; is equal to the gas temperature
T, = 300K and D; ~ 8cm?s~! under our con-
ditions, it follows that the electron temperature is
T. ~ 4000 K (€. ~ 0.5¢V).

10° 10 10" 10° 10

T (9)
Fig. 2. The net electron yield Yy vs 7 from the ion
induced secondary electron emission Y;, from the
gas phase No(A3Z}) metastable states Yy and from
the surface-catalyzed excitation mechanism Yy [1].

The constant diffusion coefficient and electron
temperature (comparable with the vibrational tem-
perature [7]) in the above calculations indicate that
the superelastic heating of electrons in collisions
with vibrationally excited molecules is the dom-
inant channel and not with the N(A3%}) state
since its number density decays several orders of
magnitude in this afterglow period (Fig. 2). In the
late afterglow (Fig. 2) the second order breakdown
initiation mechanism begins to dominate which is
assigned to the atomic recombination of nitrogen
atoms on the cathode surface as a source of sec-
ondary emitted electrons [1].
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Conrelated experiments on cathode-dominated, low-pressmt discharges in Ar

A. V. Phelps
JILA, University of Colorado and National Institute of Science and Technology, Boulder, CO

1. Introduction

We present correlations among the extensive set of
experimental measurements on low-pressure, parallel-
plane discharges in Ar carried out at JILA between
1984 and 1994. The solid curve of Fig. 1 shows
representative steady-state, discharge voltage versus
current data at 2 Torr for a 1 cm electrode spacing and
a8 3.9 cm radius [1,2]. The arrows lead from the steady-
state values to measured radial spatial distributions of
emission or to transient voltages and currents. Similar
plots will correlate other data cited below.

2. Townsend, subnormal, or dark discharges

Discharges operating at currents from zero to values at
which constrictions are observed (near 0.2 mA in Fig.
1 are called "Townsend," subnormal, or "dark"
discharges. At the lower currents, measurements
using dc and pulsed voltages show a linear decrease of
voltage with current, ie., a constant negative
differential voltage to current ratio (NDVCR) {1].
Digital photographs of the discharge emission taken
through a semitransparent anode [1,3] show that these
discharges are diffuse (lower, left insert in Fig. 1). The
transient voltage and current (upper, left insert) show a
damped oscillatory approach to the steady-state [1,2].
As the average current is increased the oscillation
frequency increases and the damping decreases until
self-sustained oscillations occur (top, center insert in
Fig. 1) [1,2]. The oscillatory discharges are highly
constricted (bottom, center insert) {3]. Reduction of the
circuit capacitance minimizes the current range of the
self-sustained oscillations [1,2,4]. Models [2,4]
including the effects of space-charge fields on the ion-
induced electron yield at the cathode give frequencies
of damped oscillations in agreement with experiment at
0.3 to 2 Torr, but not at 0.12 Torr [1]. Measurements
of charge collected following laser induced avalanches
test models of ionization growth and of secondary
electron production [1]. Axial scans of emission show
the importance of excitation in collisions of fast Ar
with Ar [5]. A small angle between the nominally
parallel electrodes results in an asymmetry of the
discharge that switches sides with pressure to reflect
the pressure dependence of the breakdown voltage [6].

3. Constricted or normal discharges

At intermediate currents (0.2 mA to 5 mA in Fig. 1)

the discharges are constricted to an area smaller than
the area of the cathode. At 2 Torr pressure analyses
of digital photographs of the emission taken through
the semitransparent anode [1,3] show the flat-topped
radial distributions (lower, right inset in Fig. 1) that
expand with current as previously observed visually.
Analyses[1] of the photographs show that the average
current density in the constricted region is nearly
constant at the "normal” value and that the constriction
area is in rough agreement with recent theories [7].
The quasi-steady-state voltage is very nearly
independent of current as reported previously. At pd
values below 0.3 Torr-cm the onset of the constriction
is delayed by roughly 0.5 millisecond before moving to
the wall and rotating {1].

4. Above normal or abnormal discharges

As the current is increased the discharge expands until
it fills the discharge tube (near 5 mA in Fig. 1). The
current density for this condition (100 pA/cm?) is the
"normal" current density and is within the spread of
published values. Our voltage-current data for
"abnormal" discharges is shown in Fig, 1. Transient,

‘axial spatial distributions of emission and voltage and

current waveforms [8] at currents near the normal
current show the development of the cathode fall and
the importance of fast atom collisions. Window
blackening by sputtering prevented photographs of the
radial emission distribution at these currents.
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TIME AND SPACE RESOLVED ENERGY DISTRIBUTION OF AN
ELECTRON BEAM PRODUCED
IN A FILAMENTARY TRANSIENT DISCHARGE

G. Modreanu, M. Ganciu’, N.B. Mandache®, A.M. Pointu
LPGP, Université Paris-Sud -CNRS, 91405 Orsay Cedex, France

E. Dewald®, M. Nistor, 1. Iovitz Popescu, M.V. Udrea
Institute of Atomic Physics, Plasma Department, PO Box MG-6 Bucharest, Romania

« permanent adress: Institute of Atomic Physics, Plasma Department, PO Box MG-6 Bucharest, Romania
+ actual adress: Physics Department, University of Erlangen-Nuernberg, 91058 Erlangen, Germany

1-Experiment

A method to generate electron beams in the same range of
operating parameters as in pseudo-sparks has been reported
recently®™: it uses the basic principle of superposition of two
discharges, the main one being established by applying
high voltage pulses between an open hollow cathode and
an anode, the auxiliary one creating a preliminary plasma
in the cathodic region.

Among possible configurations, the one under study (Fig.1)
allows to extend to some 10cm the beam length. It uses a
3em diameter discharge tube presenting a common K K,
hollow cathode to serve both as the main pulsed discharge
cathode and the auxiliary dc discharge cathode. A, andA,
are the pulsed discharge and the dc discharge anodes,
respectively. The anode A, plays the role of a diaphragm
for the main discharge. A metallic grid around the discharge
tube at the same potential as the diaphragm is used to
. increase the stability of the electron beam.The beam
develops longitudinally on the tube axis between K, and
A,, very stable and finely controlled by the auxiliary
discharge. It is associated with a filamentary discharge,

appearing as a 1 to 2mm diameter plasma channel produced

homogeneously along the beam path.

The beam current is extracted through a circular hole drilled
in anode A, and collected by a Faraday cup coupled to a
non inductive shunt of 0.6Q through a serial resistor, giving
a total equivalent resistor R. When passed by the beam
current I,(t), the Faraday cup is self biased to a repulsive
voltage RI(t) such that selection is operated in the beam
energy distribution function g(u) following the relation

o

L(Hh=c f u)'? g(u) du
oD RIb(t)( )" g(w)
where c is a constant involving electron charge and mass
and extraction hole area A, given by ¢ = e52 A (2/m)'* The
knowledge of curves I,(t) for several values of R allows
deconvoluting previous relation to determine at each t value
the corresponding g(u) through relation :

cgRI) =- [dl,/ dR1,)] / RL,)"

2-Results

Let denote with index j=1,2 the quantities relative to the
cases of 1 mm and 2 mm anodic aperture respectively.
Fig.2 shows oscillograms of recorded I, (t), for several
values of R between 0.6Q and 500Q. Common discharge
conditions were 0.1Torr pressure of Argon and 50kV
breakdown voltage. '

Fig.3 gives calculated g,(u), evidencing at earlier times a
"fast" electron tail evoluting later to a slower quasi
maxwellian distribution. As an example, corresponding n,
and T, values are estimated respectively around 1.2 10"
cm and 80 eV for t=40ns.

The distribution g, (u) exhibits the same evolution, with a
lower ratio between fast and stow population, as evidenced
in Fig4 where are shown simultaneously g, (u) and g, (v)
at time of the common first maximum value, I, of I; (i.e.
t=32 ns). The comparison between cases j=1 and j=2 gives
arough indication on the radial distribution in g in fact, the
mean distribution function for beam electrons out of axis
by a distance between 0.5 and 1mm can be estimated from
the relation

g=(4g-8)3
It is shown on Fig. 4 at time =32 ns.

Finally, using comparison of I, for 0.6Q and 5000Q and
the mean energy of energetic electrons (= 15keV), as
measured in [2], we estimate that, at time of I,,, that we
have previously shown to coincide with energetic electron
beam emission, these energetic electrons carry electron
density and current respectively around n,/10 and 1/30 of
L1 (0.6 Q). It appears thus that electron beam is dominated
by medium energy electrons in the range of 100 eV, very
interesting for laser and physico-chemical applications.
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Intense pulsed electron beams produced in multigap and
single gap PCOHC

E. Dewald"*, K. Frank', A.M. Pointu?, D. H. H. Hoffmann', R. Stark'

M.Ganciu3, N.B. Mandache3, M. Nistor® , and L.-Iovitz Popescu3
'Physics Department, University of Erlangen-Nuremberg, Erwin-Rommel-Str. 1 D-91058 Erlangen, Germany
Universite Paris Sud, 91405 Orsay, France

*Institute of Physics and Technology of Radiation Devices, Bucharest - Magurele, Romania (4Permanent adress)

1. Introduction

High voltage hollow-cathode glow discharges are used
to generate pulsed intense electron beams with
remarkable parameters. Recently such pulsed electron
beams were generated with high efficiency in a
preionization controlled open ended hollow cathode
configuration (PCOHC) [1]. This configuration can
work either with metallic or dielectric electrodes and the
generated electron beams turned out to have a very good
spatial stability and reproducibility. The electron beam
parameters are similar to those of the electron beams
generated in pseudospark discharges [2,3]. Some
parameters of the extracted electron beams such as
intensity were improved by using a multielectrode
device similar to those used in pseudosparks {4]. In this
work the dependence of the beam intensity from
breakdown voltage, external capacity and distance from
the anode back face is studied for both single gap and
multigap configurations.

2. Set-up and results

The single-gap and multigap configurations have 70 mm
length and 34 mm diameter metallic open ended hollow
cathodes. The six-electrode system and the anode (for
single gap configuration) have 2 mm central bore holes,
20 mm bore holes in the insulators and the thicknesses
for both the electrodes and insulators are of 2 mm. The
hollow cathode is placed 1.5 cm from the first floating
electrode. The anode-cathode gap in the single gap
configuration is about 2 cm long. The working gas is air
at pressures between 30 and 50 Pa, measured at the drift
chamber level. The optimal preionization current [2]
was of 1 mA for the single gap configuration and of 0.1-
0.8 mA for the multigap configuration. The optimal
preionization current is increasing with the discharge
voltage in the multigap case. External capacities
between 0.9 and 10 nF were used. The discharge voltage
was measured with a Tektronix P6015A high voltage
probe and the beam current was measured behind the
anode bore hole at distances between 1.5 and 12 cm
with a moveable Faraday cup having an internal
resistance of about 1.2 Q. In Fig, 1 the dependencies of

the beam peak current with the breakdown voltage are

given for both multigap and single gap configurations.

The beam currents were measured at 1.5 ¢cm behind the
anode. As it can be observed, the beam peak current is
strongly dependent on the breakdown voltage and is

"~ more than two times increased when the multielectrode

system is used.

320-

240

—— multigap

single gap

max. | yo.m (A)
3
°

®
it

breakdown volt. (kV)
Fig. 1 Beam peak current versus breakdown voltage for
multigap and single gap configurations

Similar with pseudosparks [5], the beam current has two
or more different peaks which can be better separated
for longer distances between the Faraday cup and the
anode. For small distances (1.5 cm) the separation of the
peaks is better when the breakdown lasts longer and for
higher = breakdown voltages. In the multigap
configuration the different peaks of the beam are better
separated (Fig. 2) and therefore it was possible to
observe the attenuation of two different beam peaks.

120 i

4 cm
—1.5cm

-40 20 0 20 40
t (ns)
Fig. 2 Beam current waveforms measured at 1.5 and 4
cm respectively behind the anode hole (22 kV,
air at 40 Pa, C=0.9 nF)
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Fig. 2 presented one current waveform, obtained in the
multigap configuration for 22 kV breakdown voltage,
measured at 1.5 and 4 cm behind the anode. The FWHM
of the beam current was of about 4-6 ns in the single gap
configuration and of about 7-10 ns in the multigap one.
It was observed that, by using external capacities
between 0.9 and 10 nF the maximum beam current do
not depend on the external capacitor. However, the
beam duration is slightly increased when higher
capacities are used (from 7.5 ns for 0.9 nF to aprox. 9 ns
for 10 nF). In Fig. 3 are given the peak current
attenuation curves for different breakdown voltages
obtained in the single gap configuration (air at 50 Pa,
0.9 nF external capacitor).

Breakdown Volt. (kV) :

1,0
—e—8

-— 1 — A

;.; o8 '\ —— ::5

S 06 \ —v—19

4 \ —a—23

E 044

§ \.\

0,04,
0 2 4 & 8 10 12

distance (cm)
Fig. 3 Beam peak attenuation curves for different
breakdown voltages (air at 50 Pa)

All the peak currents for each attenuation curve were
divided to the peak current of the first measuring point
placed at 1.2 cm behind the anode hole and the current
maximum value was obtained on the second peak (see
Fig. 2). Analysing the attenuation curves one can
observe that, by increasing the breakdown voltage not
only the energy of the beam energetic component [4]

—a— multigap ( peak )
—b— single gap
—w— multigap ( peak | }

Transmission{a.u.)

T T y T

0o 2 4 6 8 10 12
distance{cm)
Fig. 4 Beam attenuation curves for single gap and

multigap (peak I and II ) configurations (air at
50 Pa, 22 kV breakdown voltage)

(that forms most of the first peak) is increased, but also
the energy of the low energy component (forming the
second peak). In Fig. 4 normalized beam attenuation
curves are given for single gap config"uration and
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multigap configuration (max. beam - II peak and for I
peak). For both curves shown in Fig. 3 and 4 the errors
were estimated to be less than 10 %. Due to the
relatively large diameter of the Faraday cup, at distances
between 1.2 and 8 cm the beam divergence may not play
an important role. Here only a sensible improvement of
beam transmission can be observed in the multigap
configuration in comparison with the single gap one,
suggesting that not the average beam energy is the
modified parameter. It is very possible for the beam
divergence to be the main parameter that is changing,
explaining thus the strong improvement of the beam
transmission at high distances. The much lower
attenuation of the first peak confirms the hypothesis that
the electron energy is much higher for the first peak [6]
and the emittance of this peak is better than the one of
the second peak [7].

3. Discussion

As it was discussed before [6], the electron beam peak
current does not depend on the external capacity, but
only on breakdown voltage, gas pressure and self-
capacitance of the discharge tube. The same also was
observed in a similar pseudospark configuration using
the same investigation methods at similar gas pressures
(15-20 Pa). The present results confirm the different
electron energy structure within the different beam
peaks and the varying beam energy of the low energy
component for different breakdown voltages. In next
future time resolved optical spectroscopy performed by
fast open shutter and streak photography will be used in
parallel under the present conditions in order to explain
decisive aspects of beam formation and propagation.
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The influence of anode region of a glow discharge on the EEDF
in S- and P-moving striations
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Nowadays the kinetic nature of S- and
P-striations in the glow discharge under low
pressures and not high currents is proved un-
doubtedly both experimentally and theoreti-
cally [1-4]. The mechanizm of these waves
origin is determined by nonlocal character of
electron energy distribution function (EEDF)
formation in the space-periodic fields and does
not have a hydrodynamic analogy in principle.
The other example of succesfull application of
nonlocal approach is the description of near-
anode region of the DC nonstratificated glow
discharge [5].

In the present work the experimental
and theoretical investigation of the EEDF be-
haviour in the S- and P-striations as they pass
through the near-anode region of neon dis-
charge under low pressures is carried out

(p=1=+2torr, i=10+20 mA,
- X,cm
0O 5 10
> A—C '
T, x=x0
L &€=ef(x)
. .W.=.O
=201 TP A
S |
%“ X =X,(€)
£=¢, +e9(x)
w=¢&, : ]
-40 " L ) N I . .

Fig.1. Potential profile for P-striation. X=0
corresponds to anode.

R =14 ¢cm). Plasma potential and EEDF
measurements at different distances from an-
ode and in the different phases of strata were
performed by means of mobile probe that al-
lows to exclude the plasma potential oscilla-
tions as a whole with respect to anode and
therefore to make correct measurements of
potential space dependence along strata length
[4]. The experimentally measured potential
dependence  (dots) and its approximation
(solid curve x,(g)) for P-striations
(p=1torr, i= 20 mA) is represented in
Fig.1 for the moment just after an abrupt po-
tential curve drop as a whole with respect to
anode that is connected with the passing of

~ strong field range of strata through the anode

region. At this moment the potential wells and
reverse electric fields near the anode are ab-
sent. In Fig.2 the transformation of EEDF

[=a)

£

[3)

w2 *108, eV-Pem

o
—
[
[\
(o)

Fig.2. EEDF measured in the near-anode region
for P- striation. X=0 corresponds to anode
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measured in P-striations as they pass through
the anode region at the different distances from
anode is shown. One can see a decrease of
EEDF amplitude as he appoaches nearer to the
anode where at first a decrease of slow elec-
trons takes place and then this process involves
more and more fast electrons. At the distance 4
mm the electron density falls by more than one
order. The EEDF measured in the undisturbed
positive column do not reveal the similar de-
crease and are reproduced quite well from one
strata to another as we move further from the
anode.

The theoretical calculations of EEDF in
the near-anode region of stratificated discharge
can be carried out on the basis of kinetic equa-
tion [2] in variables € = w + ep(x), x (& -
total energy, w - kinetic energy) for the en-
ergy values 0 < w < g;:

Kl v° afo(a,x)+
ox 3v(v) Ox

2

+ —a%% v(v)vif,(g,x) = 0

It is supposed that in the balance of energy the
inelastic impacts prevail and electron-electron
collisions can be neglected. If the EEDF drop
in the inelastic range is quite sharp it is possi-
ble to use a zero boundary condition for the
EEDF on the first excitation level of atoms €,

fO (8’ x){ w=E, = 0
v oy _v'oh
v ox 1FmO Ty g 1FmmE

The solution of these equations may be written
as follows

x(€g) ’
7, (e, x) = D(e) J' de' _
e V(&)

= O(e)F, (g, x)

where @(g) - amplitude of EEDF. The kinetic
" energy on the curve x,(g) equals the first
excitation level €,. The calculation of integral
F,(g,x) depends on the form of x,(g), in
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addition on the anode F,(g,x),, = 0. Am-
plitude ®(g) was found by analogy with [4],
where there are two maxima in the energy in-
terval 0 + €,, which are shifted on the value
€, - the potential drop on P-strata. The

\/Efo (w, x) calculations results in the near-
anode region are represented in Fig.3. It is
clear that the nonlocal theory discribes quite
well the EEDF decrease measured as strata
moves to the anode.

fvg 61-+
L
D 4
0"
= |
—t '
*02
&4
5 RGN
0

Fig.3. EEDF calculated in the near-anode region
for P-striation. X=0 corresponds to anode.
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Idn and neutral distribution functions at the cathode of
DC glow discharges in argon

I. Revel, L.C. Pitchford and J.P. Boeuf
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118 route de Narbonne, 31062 Toulouse Cedex, France

1. Introduction

We have used a Monte Carlo simulation to
determine the energy distribution of the ion and fast
neutral fluxes at the cathode in low pressure DC
glow discharges in argon at 1 torr. The electrodes
are plane and parallel and separated by a distance of 4
cm. The relative sputtering rates of a gold cathode
due to the incident ion and fast neutral fluxes were

also calculated, and we find that the fast neutrals-

cause most of the sputtering. The long term goal of
this work is the development of a self-consistent
model of cathode sputtering in glow discharges for
mass spectrometry [1]. The point P2 of Table I is
representative of the discharge conditions for this
application.

2. Description of the model

The Monte Carlo simulations were performed for
different points along the  voltage-current
characteristic for argon at 1 torr. The discharge
current density, voltage and sheath length were taken
from previous calculations and are given in Table 1
for two points. :

Our Monte Carlo simulation is standard. The ion
trajectories are followed from the sheath edge to the
cathode. The electric field is supposed to be purely
axial and to vary linearly with distance from the
cathode. lonization in the sheath is taken into
account for the point P1, but this has little effect on
our results. Ionization in the sheath is neglected for
the point P2.  Fast neutrals, created in collisions
between the ions and the background gas (at 300°K),
are simulated until they reach the cathode or until
their energy drops below a certain cut-off (0.5 eV in
the results shown here).

The collision processes we consider are charge
transfer collisions and elastic collisions (between
ions and slow neutrals and between fast neutrals and
slow neutrals). In charge transfer collisions, the
neutrals exit the collision events with the energy of
the incident ion. The energy transfer in elastic
collisions is calculated supposing that the elastic
collisions are isotropic in the center of mass frame.
We have used cross sections (ion-neutral & neutral-
neutral) for these processes recommended by Phelps

2]

{ Point P1 | Point P2

INPUT
voltage (V) 196. 1000.
current density (mA/cm®) | 0.52 30.
sheath length (cm) 0.15 0.053
RESULTS
mean ion energy at the
cathode (eV) & 184 294.
average number of 2% 8
collisions per ion in the
sheath
mean energy of fast 6.0 80
neutrals at the cathode (eV) | ™ ’
average number of 3 15
collisions per fast neutral )
in the sheath
ion contribution to
sputtering 23% 29%
fast neutral contribution to ,
sputtering 77% 71%

Table I Discharge conditions used as input and a
summary of the results of the simulations.” The
voltage, current density and sheath length for Pl
are taken from Fiala et al [3] and those for P2 are
referenced in Phelps [2]. The ierm 'fast neutrals’
refers to neutrals with an energy greater than 0.5
ev.

3. Résults of our model

Certain results from our calculations are summarized
in Table 1, and the ion and fast neutral flux energy
distributions are shown in figs. 1 and 2 for points P1
and P2, respectively. The mean energy of the fast
neutrals (neutrals with energies greater than 0.5 eV)
incident on the cathode is considerably less than that
of the ions. Nevertheless, the flux of fast neutrals to
the cathode is greater than the incident ion flux for
particles with energies less than 150 eV and 500 eV,
respectively, for points P1 and P2. The ion and the
fast neutral fluxes decrease almost exponentially with
energy, except for the low energy component of the
neutral flux.
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Figure 1. Energy resolved flux distributions of ions
and fast neutrals for the conditions of point P1.

We use the data for the sputtering yield vs incident
particle energy given by Yamamura et al [4] to
determine the sputtered atom flux due to the incident
ions. Consistent with theory, we suppose that the
sputtering yield is independent of the charge of the
incident particle. From these data and the ion flux
energy distributions, we calculate the sputtered atom
flux. For the conditions here, the neutrals cause
most of the sputtering. This is consistent with the
findings of Bogaerts et al [5] in argon at 1 keV.
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Figure 2. Energy resolved flux distributions of ions
and fast neutrals for the conditions of point P2.

Davis and Vanderslice [6] have developed a simple
analytical model for the ion flux energy distribution
function in DC glow discharges. This model is often
cited and used to estimate the importance of cathode
sputtering from sputtering yields. This model is
based on several simple hypotheses : (1) the electric
field is supposed linearly decreasing from the
cathode ; (2) ionization in the sheath is neglected ;
‘(3) elastic collsions are neglected; and (4) the

charge transfer cross section is independant of energy. -

With these hypotheses, ion flux energy distribution

can be expressed as a function of C, the number of

collisions per ion in the sheath, and the discharge

voltage. In general, C is not known a priori because
the charge exchange cross section depends on energy.
The ion flux distributions from this model are
compared to our simulations in figs. 1 and 2, where
we have used the value of C from our simulations.
For both Pl and P2, the simple model
underestimates the flux of sputtered atoms due to the
incident ion flux.

4. Conclusion

These results show that, for the range of discharge
conditions studied, cathode sputtering is largely
controlled by incident flux of fast neutrals.
Calculations for a wider range of discharge
conditions and for other cathode materials are in

progress.
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Critical Field and Potential Distribution in a Magnetized SFg/He Mixture Gas

Positive Column

H.Satoh, Y.Wakabayashi, T.Nishioka and M. Matsumoto
Faculty of Textile Science and Technology, Shinshu University, Tokita 3-15-1, Ueda 386, JAPAN

1 Introduction

It is well known that the helical instability can be
excited in the inert gas positive column in the applied
axial magnetic field B[1]. Lately, ionization waves or
helical waves in the electronegative gas-positive
column in the field B greater than a certain critical
field B, were theoretically studied by Daniel et al.[2],
and Matsumoto, one of the present authors[3].
Volynests et al. have shown that existence of negative
ions leads to a significant difference of the charged
particle radial distributions from the zeroth order
Bessel function type [4].

We here report some experimental results about
relations between the critical field B, and a small
amount of mixed SF¢ gas. Further, we discuss those
experimental results comparing with the theoretical
analysis.

2 Experiment

The basic arrangement used throughout the present
experiments is shown in Fig.1. A dischargé tube with
inner radius 1.3cm is 150cm long, and of hot cathode
type.

The enclosed He gas is in a range of pressure P=(0.1
~0.5)Torr, and mixed with a small amount of SF
gas equal to or less then 5%. Here, SF gas is put in
through a microgage valve (S) on the anode side.
Discharge currents I, are in (50~200) mA.

{ Mag.Coll_ S
M — A
% 0 f\Px
Pl P1 CiJ
k=t A

L. P.F l
o [12:7

ey — gz

Fig.1 Scheme of the experimental system

The instability waves are analyzed by Lock-in-Amp.

using the light signal through movable Light
Guide(L.G). The strength of the axial electric field E,
is measured by two probes P; and P,. The mean
potentials V(r) are measured along the radial direction
using the rotational probe (P, with low path filter

(LPF) of the cut off frequency f, = 10Hz. Here,

electrical signals through the probe (P,,) are arranged
by a personal computer.

Figure 2 shows the characteristic features of the
discharge voltage Vpy to the strength of field B
depending on the amount of mixed SF gas, each ratio
of which is given to SF¢/He = 0.0%, = 0.5%, = 2% and
=3%.

850y . P=0.41Torr

wol >~ @ =%
: S ——
S "
750 |,

-~
=
o

Discharge Voltage Vpg [V]

650 |

]
0 0.5 1.0 1.5
" Strength of Field B [KG]

Fig.2 Characteristic features of the discharge
voltage Vpy to the mixture ratios SF¢/He

The discharge voltage Vpy in the positive column
mixed less than SF¢/He = 1% is small compared with
the case of He gas, and also the critical field B,
becomes smaller, i.e. the column plasma becomes more
unstable as to the helical wave. Further, with the

XXT1 ICPIG ( Toulouse, France ) 17 - 22 July 1997




increase of SF, the frequency of an excited 2 = 1 mode
helical wave increases. As the amount of SF, gas
increases more then 1% of He gas, potential oscillations

extended to 10kHz are excited, even at the field B = 0.

The discharge voltage Vpy increases with the amount
of SF gas, and the critical field B_ comes to be obscure.
Then, we show the frequency of the m = 1 wave as a
function of the critical field B, in Fig.3. Curve (a)
shows the results for He positive column, and Curve (b)
for various gas pressures in the mixture ratios SF¢/He
less than 1%.
O He (P<0.5Tom)

700 ®  HetSF
i L (P < 0.5Torr, SF¢/He <2%)
é .\(b) He+SE, Iz=100mA
Z 51 o
i \ L
B o, N\
% 00 \'..
> °
g 20p % Ne
2 a) He
o\ -
15 : 1 ; °
0.8 0.9 1.0 1.1

Critical Field B, [KG]

Fig.3 Frequency of the m = 1 wave at the critical
field B, depending on mixture ratios SF¢/He
in He gas pressure less than 0.5 Torr

Figures 4(a) and (f)) show the dependence of the radial
potential distribution (V(r)-V(0)) on the ratios SF¢/He
and on the strengths of the field B, respectively. Figure
4(a) shows that magnitudes of V(r) become larger as
increasing the ratios SF/He, each of which is given to
SF¢/He = 0.0%, = 0.2% and 0.8%.

7~
a -5t \ \
~ [ |
o A O,
e A
> P=0.5Torr \ \
| =100 mA : (]
@ -10F B=560G A
> o He \
A SF¢/He=0.2%
® SFy/He=0.8% -
-15 L " 1 1 J
0 0.2 0.4 0.6 0.8 1.0
/R

Fig.4 (a) Radial potential distribution
depending on the ratios SF¢/He
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The injection effect of a small amount of SFg gas on
the potential distribution is corresponded to the case of
the rare gas positive column at reduced gas pressure.

And Fig.4 (b) shows that the potential distributions
are according to the ambipolar diffusion theory in
tendency for the strengths of B, similar to the rare gas
positive column.

00&
S~ T~e_B=950G

A
A

V()-V(r=0)
»r

i
< b
Q

-10| 4
P=0.5Torr A\
Ip=100mA
SF;/He =1%

—15 L 1 i 1 J

0 0.2 - 04 0.6 0.8 1.0
1/R :

Fig.4 (b) Radial potential distribution depending
on the strength of B

3 Discussion

The amount of negative ions is considered to increase
with the ratios SF¢/He. With this increase, as shown in
Figs.2 and 3, the frequency of m = 1 helical wave
increases and their critical field B_ decreases, i.e the
positive column becomes more unstable as to the
helical wave, as proposed by Matsumoto. The frequency
of the m = 1 wave is understood to originate in the
magnetized E X B drift due to the ambipolar field E,
as shown in Fig.4. By the field E, which is mainly
proportional to the logarithmic derivative of the
electron density with respect to #, th negative ions tend
toward the axis. With the space charge neutrality; the
plasma contracts and E, is considered to become larger.
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INFLUENCE OF OXYGEN ADMIXTURE ON GAS HEATING
IN N2-O: MIXTURE OF PULSE DISCHARGE

A.P.Ershov, A.V.Kalinin, V.M.Shibkov, L.V.Shibkova
Department of Physics, Moscow State University, 119899, Moscow, Russia
D.P.Singh, M.Vaselli o
Istituto di Fisica Atomica e Molecolare. Via del Giardino, 7-56127, Pisa, Italy

In [1,2] the fast gas heating at high values of E/n
was fixed for two types of discharge in air: freely
localized microwave discharge in focused beam
limited by

chamber walls. For explanation of such fast

and pulse-periodic  discharge
heating the kinetics model was used, in which
the quenching of electronically excited states of
nitrogen molecules was taken into account. In
[3] the model of kinetics processes in nitrogen-
oxygen mixture was worked out. This model
describes the dynamics of main components of
such mixture excited by discharge with high
electric  field. The
characteristic feature of suggested 'model at

values of reduced
description of gas heating in discharge is taking
into account quenching metastables atoms
O('D) by oxygen atoms and atoms O('D) by
nitrogen molecules. It is proposed that 70 % of
excitement energy O('D) is spent on gas heating.
The results of calculations with the help of
model [3] of the kinetics of gas heating are in
good agreement with experiment [1,2].. For
explanation the fast gas heating at high values
of E/n at air pressure p>100 torr the kinetics
model is proposed in [4], in which the gas
heating is conditioned by casced quenching at
excited

VT-relaxation of high electronic

states of nitrogen

molecules. The calculations following this

model  satisfactorily =~ coordinates  with
experimental data connected with gas heating in
freely localized microwave discharge in air [1,5].
For elucidation of concrete channel of gas
heating at high values E/n in present work
kinetics of the molecular gas heating was
studied for the pulsed discharge burned up in a
tube with the diameter of 1 c¢cm in nitrogen-
oxygen mixture under the pressure of 0.1-1.0
torr. The partial pressure of oxygen in mixture
is changed from 0 to 20 %. Modulator produced

the pulses duration up to 100 ps, voltage from

+ 0.5 to 25 kV discharge current from 0.1 to 20 A.

The ‘time dependence of the gas temperature,
the density of atomic oxygen, the electric field in
plasma, the electron energy distribution
function, their temperature and density were
determined by using  spectral and probe
methods. A

Investigations of gas heating kinetics and
EEDF showed (Fig.1, p = 0.8 torr, i = 0.65 A,
3[0,),%: 1-1.5; 2-7.5; 3-20) that value of electric
field was large at initial stage of pulse and,
because of it, the number of fast electrons on
EEDF was great. It leads to increasing the rate
of excitation of high electronic states of -
molecules; in turn, this leads to increasing the

concentration of these molecules. Deexcitation
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these molecules leads to fast gas heating. At this
the number of fast electrons decrease at
relaxation of EEDF to stationary state. It leads
to decreasing gas heating rate at pulse ending.
On Fig.2 the dependence of relate density of
oxygen atoms from time for full pressure of
nitrogen-oxygen mixture p=0.4 torr and
discharge current i = 0.65 A at different partial
pressure of molecular oxygen 8,%: 1 - 0.5; 2 -
4.0; 3 - 8.5; 4 - 20 is presented. It is showed, that
with increasing of oxygen part in nitrogen-
oxygen mixture the quantity of atomic oxygen
increases and that necessary time for working
out the atomic oxygen is higher than 100 ps m
conditions of experiment.

On Fig. 3, 4 the electron density and the rates of
gas heating in dependence on partial molecular
oxygen pressure are presented (p,torr:1-0.4; 2-
0.8, dotted lines are result of calculation [6]).
The results of our investigations let us conclude
that for high values of reduced electric field E/n
>100 Td quenching of longlived electronically
excited states of nitrogen molecules is one of the
main mechanisms resulting in gas heating, while
contribution of quenching channel of oxygen
metastable atoms does not exceed 30%.
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On the Nonhydrodynamic Kinetics of the Electrons
in s- and p-Striations of Neon DC Glow Discharge Plasmas
F. Sigeneger!, Yu.B. Golubovski?, I.A. Porokhova?, and R. Winkler!

nstitut fiir Niedertemperatur-Plasmaphysik, Greifswald, Germany
2Institute of Physics, St. Petersburg University, Russia

1. Introduction

The periodic structures of plasmas caused by s- and
p-striations represent an interesting subject in the
context of the nonlocal kinetic behaviour of the elec-
trons in collision dominated plasmas. An important
aspect of this problem concerns the electron kinetics
under the action of periodic electric fields. Several ef-
forts [1, 2] have been untertaken in order to treat this
problem. Recently, an efficient approach for solv-
ing the one-dimensional inhomogeneous Boltzmann
equation has been developed. Using this approach,
the electron relaxation behaviour under the action
of homogeneous electric fields has been comprehens-
ively studied [3]. At moderate field strengths peri-
odic structures have been generally found in the elec-
tron velocity distribution function. The idea that
these structures are of the same basic nature as those
occurring in striations is analysed. Furthermore, the
relaxation of the electrons to unique periodic states
maintained by the strongly modulated electric fields
in the striations is investigated.

2. Basic Aspects of the Kinetics

The theoretical investigations are based on the solu-
tion of the space-dependent Boltzmann equation

€

7 Vef - —E-Vaf =CU(H+ 3 CMH (1)
k

for the velocity distribution f(%,7) of the electrons
with the charge —ep and the mass m. This equa-
tion includes the impact of the periodic electric field
E(z) = Eo(1 + Bsin(2rz/Ag))€, with a modulation
degree 0 < 8 < 1. The action of elastic colli-
sions (C®') and various kinds of conservative inelastic
collision processes (Ci") of electrons with neutral
particles are taken into account by appropriate col-
lision integrals. As the direction of the electric field
and its inhomogeneity are parallel to the z-direction,
the velocity distribution function gets the reduced
dependence f(v,v, /v, z) and can be expanded in Le-
gendre polynomials. In two term approximation the
distribution function has the representation

f(U) %‘,Z) = '217(_2/—;,11'@ [fO(Uv z) + fl(U7 z)%"] ’
U=20%, v=ld. @)
The substitution of this expansion into the
Botzmann equation yields finally a parabolic dif-

ferential equation system for the isotropic and an-
isotropic part fo(U,2) and fi(U,z) of the velocity

distribution function. By introducing the total en-
ergy ¢ = U ~ [ E(£)d% - (—eo) and eliminating the
anisotropic distribution part f this equation system
is transformed into a parabolic equation of standard
form which can be solved with appropriate bound-
ary conditions as initial boundary value problem in
a nonrectangular region of ¢ and 2z [4]. In the nu-
meric calculations performed for the neon plasma
three lumped cross sections for the excitation of the
s-states (@1), of the p- and all higher bound states
(Q2), and for the ionization (Q3) has been used with
the corresponding energy losses U;,7 = 1,2,3. The
ionization has been treated as an excitation process.

3. Results

Former investigations [3] of the electron relaxation
in homogeneous fields Ej showed that spatially lim-
ited disturbances excite periodic structures in the
electron distribution function which are caused by
the interplay of electron acceleration in the field and
backscattering in inelastic collisions. If the energy
loss in elastic collisions is neglected and only the
lowest excitation process is taken into account these
structures are undamped and have a period length of
A* = Ui /(—eoEp). The inclusion of the energy loss
in elastic collisions and of the excitation of higher
atomic states leads to a damping of the periodic
structures and enlarges their period length. This en-
largement is shown in Fig. 1 for a range of the nor-
malized electric field strength Ej/p where the en-

largement of the period length and the damping is .

mainly caused by the energy loss in elastic collisions.
Period lengths pA obtained from the solution of (1)
for homogeneous fields Ej, are compared in Fig. 1
with those (pA;, pA,) measured in s- and p-striations

18

v —— DA obtained from the solution of the
B 16| inhomogeneousBoltzmann equation
; 14 A ) - pA*=U1/(-e0Eh/p)-undamped case
S50 O\
P 12 | \\\ ) .
E ] \ experimental results from
S AN v s-striations
1 ] . +  p-striations
T s}
i 6F
4
1
Fig. 1 -Ey/p, -<E>/p  (V/(torr cm))
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as a function of the period averaged field < E > /p of
the striations. The good agreement of calculated and
measured lengths confirms that the periodic struc-
tures occurring in the striations are mainly caused
by the nonlocal electron kinetic properties.

In order to clarify whether under the action of
a periodic field an unique state is established in
the velocity distribution, Fig. 2 shows at the space
positions zp =k -pAg, k= 6,12 for the above si-
nusoidal field the calculated isotropic distribution
for the spatial relaxation initiated by three differ-
ent boundary values at pz =0. The calculations
have been performed for the period averaged field
strength Eq/p = —2V/(torr cm), the modulation de-
gree B = 0.9 typical of the striations, and the period
length pAg = 9.67 torr cm determined from the cor-
responding periodic structures occurring in a homo-
geneous fleld with Ej/p = Eo/p. All isotropic dis-
tributions are normalized on the same magnitude of
the electron particle current density and formally di-
vided by a common density ny. The spatial evolu-
tion of the isotropic distributions distinctly demon-
strates that a unique periodic state is reached for
all three boundary values. In the lower part of Fig. 2
the spatial evolution of the corresponding normalized
density n(zp)/ny = f;° U fo(U,pz)dU/ns and of
the norrna]ized excitation frequency of the s-states

v(2p) = o[ J5° UNQuU) fo(U, p2)dU are dis-
played for all three relaxation processes. Almost over
the same distance both macroscopic quantities are
established into their unique periodic state.

Figure 3 presents the spatial evolution of the iso-
tropic distribution over three periods of its estab-
lished periodic state. The strong modulation of the
periodic electric field which is shown in the upper
part of this figure enforces a similarly strong modu-

lation of the distribution function. The evolution of
the distribution maxima clearly illustrates the res-
onance path of the electrons under the action of the
periodic field.

Further results related to the electron behaviour
in s-striations as well as in p-striations will be re-
ported and discussed in the poster presentation.

Epa)p *
(V/(torr cm))

log fo(pz)/ny
(V3D

2 - 2
eﬂb ' : II .... ,",, .,'. ,%
OQ) ': ' ,
<3 «:',;'.'
Fig. 3 309
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Electron and ion kinetics in hydrogen obstructed glow discharge
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1. Introduction

Obstructed regime of a DC glow discharge is character-
ized by low pd product (p being the gas pressure and
d the electrode separation) so that even the cathode fall
region is not completely developed [1,2]. The electrode
separation is smaller than the normal cathode-fall thick-
ness, which obstructs the usual electron multiplication
mechanism. In order to maintain the discharge, higher
electric field is therefore required (the ratio of the elec-
tric field intensity to gas density E /n can achieve several
kTd). The field decreases towards the anode, but it re-
mains considerably high even at the anode, especially at
low pd values [2].

Plane-parallel obstructed glow discharges have been
extensively studied both experimentally and theoretically
[3]. They provide the possibility to test available scatter-
ing models and transport theories at high and spatially-
dependent electric fields [2].

2. Experiment

The experimental electrical characteristics of hydrogen
DC glow discharge were measured in the plane-parallel
discharge tube consisting of 20 mm diameter graphite
electrodes separated by gap of 4.6 mm [2]. Changing
the gas pressure enabled us to vary the degree of the dis-
charge obstruction. Experimental values of the discharge
voltage vs pressure at a constant value of current are used
as input parameters to our model.

3. Model

In this paper, we have improved our previously devel-
oped self-consistent Monte Carlo model of the discharge
[4]. The improvements concern mainly (i) the inclusion
of fast neutral species produced in reactions of energetic
ions with gas molecules [5,6], (ii) inclusion of various
heavy-particle impact ionization processes [5,6] and (iii)
the possibility of electron and ion reflection from the elec-
trodes [3,7]. The basic model is briefly summarized as
follows.

The motion of electrons, ions (H*, Hf, Hf, H™)
and fast neutrals (H, H;) inside the discharge gap is fol-
lowed by the Monte Carlo technique. The scattering
processes with background gas molecules and the corre-
sponding cross sections are based on [5,6,8]. An elec-
tron avalanche spreading from the cathode creates H*
and H;‘ ions through (dissociative) electron impact ion-
ization. These ions can convert to other ionic species or

produce new ions and neutrals as they move to the cath-
ode. All the secondary particles are treated within the
simulation. Fast neutrals are considered as thermalized
when their energy decreases below 0.05 eV and in that
case are no longer treated in the simulation.

The spatial dependence of the electric field is deter-
mined iteratively [2]. The initial approximation is usu-
ally a constant or a linearly falling electric field. Starting
from this initial guess, the electron simulation part is run
and the ion source function is produced. It serves as input
for the ion simulation part, which produces space-charge
densities for the Poisson equation solver. In order to close
the iteration cycle, the relation of electron and ion current
at the cathode is required. We have used the experimental
current value to deduce this relation [2]. The new electric
field profile is finally obtained from the Poisson solver
with the aid of the experimental voltage value. Extra elec-
trons produced during the ion simulation part are used to
modify the distribution of their starting positions for the
next iteration. Usually, two or three iterations suffice to
achieve the convergence of the field profile.

The reflection of electrons at the anode was mod-
eled according to the theoretical reflection coefficient as
a function of incident electron energy and the angle of
incidence, obtained for graphite in [7]. The reflection of
hydrogen ions and neutrals at the cathode is known to
produce almost exclusively H atoms as reflected species
[3]. The reflection coefficient per incident nucleus for
graphite surface was taken from [3]. The results we ob-
tained showed only a very limited effect of both electron
and heavy-particle refiection.

Monte Carlo simulation method provides the detailed
information about the kinetics of various species in the
discharge. This enables us to study the role of these
species in the discharge maintenance. Using experimen-
tally measured voltage-current characteristics to relate
the electron and ion current at the cathode makes it pos-
sible to deduce the secondary electron yields correspond-
ing to the experiment.

4. Results

Experimental characteristics of the discharge are shown
in Fig. 1. Corresponding spatial distributions of calcu-
lated electric field are presented in Fig. 2. Note the sen-
sitivity of the discharge voltage and the intensity of the
field at the anode on the value of pressure.

As an example of the discharge kinetics, we present
in Fig. 3 relative abundances of the ion and fast neu-
tral species at the cathode for various discharge operat-
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Fig. 3: Relative abundances of ions and fast neutrals in particle
flux at the cathode.

ing conditions. It can be seen that the flux of fast neu-
trals is about 1.5 to 3.5 times higher than that of ions,
depending on pressure. Note that the dominant incident
ion species is H* at all pressures, while in our previous
model it was mainly H}" [4]. This results from differ-
ent discharge kinetics in present model; however, when
comparing the present electric field profiles from Fig. 1
to those obtained in our previous model [4], one can see
that they are almost unchanged. A sensitivity study in-
dicates the relative independence of the field profiles on
scattering model details [4].

The abundance of H* in the total ion flux at the cath-
ode under similar E /n conditions was also found in low-
pressure Townsend discharge both experimentally and
theoretically [S]. Note that the relative abundances at
the cathode are not related to relative contributions to
the total space charge; at lower pressures, H;' gives the
major contribution as found in [4]. At higher pressures,
Hj gives the dominant contribution at the anode side and
both H* and HY at the cathode side.

The contribution to the overall electron production
within the discharge is plotted in Fig. 4 as a function of
pressure. It can be seen that the ionization by heavy parti-
cles does not exceed 10%. Note the important role of fast
neutral species H, H, even at higher pressures as well as
the efficiency of H™ ions in spite of their low density.

field intensity (kV/m)
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Fig. 2: Spatial distribution of calculated electric field.
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Fig. 4: Relative contributions of various species to the overall
electron production in the discharge.
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1. Introduction ,
The plasma of the positive column (PC) of a dc
discharge in rare gases is known to be the subject
of either self- or externally- induced ionization
waves [1, 2]. Although, some early hydrodynamic
models have been successfully used to explain
some important characteristics of the ionization
waves [3], it became clear that only a kinetic
model provides a proper base for a theoretical
approach [4]. Because of the small energy losses
in the elastic collision range, the electron energy
distribution (EEDF) in PC plasma of a dc
discharge in inert gases has a strong nonlocal
character [5]. An initial perturbation in the body
of the EEDF, i.e. an injection of a number of low
energy electrons, in a certain place of an axially
homogeneous PC, leads, via acceleration in axial
electric field, E; and inelastic collisions, to a
downstream  reproduction of the initial
perturbation. Because of the fluctuations in
plasma density, fluctuations of £, also occurs, fact
which can lead, in certain conditions, to a
downstream development of ionization waves [6].

The aim of the present work is to provide
experimental evidence on the role of the cathode
inhomogeneity of the PC as a place of “injection”
of the initial disturbance in the EEDF. It is
known that the cathode end of a PC in a dc
discharge in helium appears as a series of highly
dumped standing striations [7]. Following an
initial pulse disturbance in the discharge current,
14, a bunch of low energy electrons appear on the
anode side of the first striation (cathode end of
the PC). This bunch of electrons, which is formed
as an effect of local increase of the ionization
rate, evolves following the above described
scenario into an ionization wave packet.
2. Results and discussion

The experiments were carried out in a dc
hot cathode discharge, the discharge tube having
4. 5cm in diameter and 60 cm in length, in helium
at 0.75 Torr and discharge current of 200 mA,
conditions in which the PC was ionization wave
free. In order to observe the response of PC to an

external perturbation, a 50 ps width pulse in /,
was periodically applied, via a coupling capacitor,
to the discharge. An axially movable Langmuir
probe was used to measure the EEDF, plasma
potential, V,, electron mean energy, & and
electron density, n, {8] in either the stationary or
perturbed state of the PC [9].

The axial patterns of the radially emitted
light intensity(389 nm), »n, & and V, are
presented in Fig. 1, the cathode being at z = 0.
The cathodic parts of the discharge can be
distinguished as the cathodic fall (I cm), the
negative glow (3 cm), the Faraday Dark Space
(FDS) (2 cm) and the cathode head of the PC.
The electrons emitted by the hot cathode are
accelerated in the cathodic fall and, due to the
inelastic collisions generate the high density
plasma of the negative glow. The FDS is the
region of low £,, where the current continuity is
assured by the strong axial diffusion [9]. At a
distance of 6 c¢cm from the cathode E, increase
again due to the opposite diffusion of the
electrons in the standing striation formed at the
cathode end of the PC. Here, the electrons coming
from the FDS are accelerated by E,, so that the
plasma production (and »,) increases towards the
anode.

As a result of an initial pulse disturbance
applied to /, fluctuations in the EEDF occur.
Figs. 2 present the temporal evolution of the
EEDF and n, (regarded as EEDF integral over the
energy space) at an incipient (Fig. 2 a) and at a
later (Fig. 2 b) stages of the formation of an
ionization wave packet. An increase in the low
energy electron density occurs on the anode side
of the first standing striation of PC (z = 9 c¢m),
immediately after the initial disturbance (Fig. 2
a). It seems that whole column is affected by the
initial disturbing pulse, but a perturbation in the
EEDF appears, immediately after, only in the
region of the axial inhomogeneity formed the
cathode end of the PC. The positive pulse in /s
corresponds to an increase in charge particle
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Fig. 2 Temporal fluctuations of EEDF induced by a /4
pulse disturbance at: a) the cathode end of PC; b) at
large distance from the cathode.

production rate, i.e. n,, and/or in £,. An increase
in £,, along the region of axial inhomogeneity
formed at the cathode end of plasma column
(where F, has larger values then those in the rest
of the PC), leads to an increase in the number of
high energy electrons in the EEDF tail and, as a
result, to an increase in the charge particle
production. Thus, a low energy electron bunch is
generated at the anode side of the first striation of
the cathode end of the PC. No relevant
fluctuations in the body of the EEDF are observed
immediately after the disturbing pulse at places
situated far from the cathode end of the PC (Fig.
2b).
3. Conclusion
The cathode end of a PC of a dc
discharge in helium was investigated using the
Langmuir probe technique in order to provide
experimental evidence on the incipient stage of
development of a ionization wave packet. It is
shown that, as a result of a pulse disturbance
applied to the discharge current, a low energy
bunch of electrons is produced at the anode side
of the first striation formed at the cathode end of
PC.
Because the electron energy relaxation
length is long in the elastic collision energy
domain and relatively short in the inelastic
collision one, a perturbation in EEDF at the
cathode end of the positive column becomes the
cause of the formation of other downstream
fluctuations in the electron distribution, n, and
E,, thus leading to the development of an
ionization wave packet.
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1. Introduction

The hollow-cathode discharge has features of high current
density and low maintaining voltage!”®.  In this aspect,
the hollow-cathode discharge is often used to generate
high density and low temperature plasmas. But, when
designing the geometry of the hollow-cathode, sufficient
information of the optimal shape of the cathode is not
known. It is first pointed out @ that when the
separation between two parallel plates of the cathode is
sufficiently reduced the two negative glows coalesce and
the light emission as well as the cathode current density
rise greatly. At smaller values of the separation, the
current densities are 10-10° times of the normal glow
discharge current density.

Aims of this research are to pursue experimentally the
optimal separation of the plates with respect to the gas
pressure and to discuss effect of longitudinal dimension of
the plate on the hollow-cathode effect.

2. Experiments and results

Experiments have been carried out in a cylindrical
glass(Pyrex ) discharge tube of outer diameter of 91mm
and length of 338mm . Measurements were made using
two assemblies of cathode : one two paralle! discs 40mm
in diameter with variable separation from 0 to 10mm (type
1) and the other two parallel plates of the same size(39 in
width,15mm in depth) with variable depth of 0-15mm
(type 2). We have employed two electrode materials,
C and Ni.  Measurements have been taken in gases of
Ar, Ne, and N; of 99.999% purity.

Carbon Disc Ring Anode (Ni)

o~

Alumina

Fig.1 Electrode assembly of type 1 electrode.

The discharge tube was evacuated using turbo-molecular
pump, the final vacuum obtained was 2x10%Torr. A
schematic drawing of the cathode (type 1) is shown Fig.1.
The separation between the two is varied from 0 to 10mm
by adjusting the attached micrometer. Working pressure
range is from 0.5 to 5Torr. In the present paper,
results obtained by the combination of Ar gas and C
electrode are described.

2.1 Experiments on the optimal separation

One of mechanisms of the current multiplication in the
hollow-cathode region is that the contribution is from the
photo-electron emission from the cathodes® . Another
existing theory suggests that electrons are trapped
between two cathode sheaths and thus enhance ionization
in the space by so-called pendulum motion of electrons.
Therefore, varying the separation of the two, we have
measured distribution of light emission across the two
plates using CCD camera(model;KP-M1,Hitachi), output
from which is displayed on a personal computer.
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Fig.2 Measurements of the optimal separation(p d)
with respect to the pressure. Between two lines A-A’
and B-B’ the merged negative glow and enhanced
hollow-cathode effect are observed.

We have observed that when reducing the separation,
two separate negative glows of both plates are merged
into one negative glow and at the same time light emission
is also enhanced. = We have plotted the merged
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separation d multiplied by p as a function of p as shown in
Fig.2. The separation (pd) of the merged negative
glow is marked line A-A, below which the merged
negative glow is observed. Further decrease of
" the separation causes the negative glow to be pushed out
from the region between the two plates and at the same
time the current to decrease and the maintaining voltage
to increase which could be seen from the figure.  The
line B-B’ below which the pushed-out negative glow is
drawn in the figure.  Experimental study of this type of
discharge has been- reported . Therefore,
between two lines, one can obtain merged negative-glow
and the enhanced hollow cathode effect.
Furthermore, we have measured the discharge current at a
constant maintaining voltage and also the maintaining
voltage at a constant discharge current with variable of
the separation.  One of typical data is shown in Fig.3.
The hollow-cathode effect that is large increase in the
current and large decrease in the maintaining voltage with
reduced separation d is clearly seen from the figures.
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Current [mAl

w
o
(=)

150

multiplication

Measurements of the current
(V=500V) and the voltage decrease (I=200mA). Taken at
p=3 Torr. )

Fig.3.

2.2 Effect of the longitudinal dimension of the
plate on the hollow-cathode effect.

If a pair of two narrow and long plates with wide
separation d is used as a cathode, majority of
electrons may not be trapped between the two plates
and escape from the spacing. Therefore, it is easily
suspected that there will be the minimum ratio (D/d)
of the depth (D) of the plate to the separation (d) of
the two plates in order to sustain the hollow-cathode
effect. Effect of the lateral and longitudinal
dimension of the plate must be similar as far as the
hollow-cathode effect is concerned. W have used
a pair of square plates with variable depth (0-15mm)
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with a fixed lateral dimension of 38mm. Keeping the
current density at 1.05x!0”(mA/mm?) independent of
variable depth, we have taken the maintaining
voltage at separations of 2 and 5 mm as a function
of the depth, from which sudden decrease of the
maintaining voltage was noticed. This sudden
decrease coincides with transition from the hollow-
cathode region to the normal glow region, which is
confirmed by the visual observation. Results are
shown in Fig4.  Below this line, discharges tend to
expand outward from the spacing.

T Y T T T T T T T T T

0.5 —— / __

- D/d

0 " 1 N ! " l 2 | . 1 " |
2 4
d [mm)]

Fig.4. Effect of the longitudinal dimension (D) on the
hollow-cathode effect.

3.Conclusion

We have studied the effect of the constitutional
dimension of the cathode on the hollow-cathode
effect . It has been shown experimentally that there
have been the observed optimal separations (pd) in
order to observe the enhanced hollow-cathode effect.
The second experiments on effects of lateral and
longitudinal dimension on the effect of the hollow-
cathode effect has shown that the minimum depth
(D/d) is about 0.6.
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1. Introduction.

Low pressure glow discharges in oxygen, nitrogen
and their mixtures are used in numerous

applications such as surface treatments like -
nitridation, oxidation, atoms sources.... Therefore, -

the knowledge of volume kinetics and
recombination of atoms at the wall is of great
interest. The purpose of this work is to study the
oxygen atoms recombination at the wall of a
discharge tube for different surface conditions.

In oxygen low pressure glow discharges, atoms are
mainly lost at the wall. The recombination strongly
depends on the surface composition. For instance,
atoms recombination is known to be more efficient
on metal than on glass. The recombination
efficiency, or catalytic property of the material, is
described with the recombination probability v:
y~ 1 for metal and y=~ 10™ for silica [1] or glass.
Low catalytic materials are request for the coating
with refractory material of Space Orbiter in order to
reduce the heating due to atoms recombination
during the atmospheric re-entry trajectory. For a
given material, the recombination depends also of
the surface state as for instance, cleanliness,
roughness, temperature. It is the reason why,
published values of recombination probability vy on
« Pyrex » glass range from 3.1x10 to 2x1073. A lot
of measurements are done in flowing afterglow. The
higher values of y are obtained in time afterglow for
which the glass wall has been submitted to the
discharge [2]. Moreover, recombination increases
with wall temperature. This effect is important in
the temperature range (300K-1000K) commonly
obtained in discharges [1].

Whereas a lot of studies are done in pure gas,
recombination at the wall in gas mixtures are less
known. The mixture composition induce variations
on the dissociation. For instance, in N»-O, low
pressure DC discharges, the concentration of atomic
oxygen strongly increases with a small percentage
of N, [3]. This effect is attributed to the

modification of dissociation by the electrons
collisions, chemical reactions in the volume and at
the wall [4]. The aim of this is to study only wall
recombination. In order to free from electrons
collisions we study the decay of the O concentration
in the time afterglow of a pulsed discharge. In this
paper are presented the first results concerning the
influence of adsorbed species on recombination at
the wall.

2. Experiment.

The experimental device is described in details in
[3]. The pulsed discharge is produced in a 50 cm
length and 15 mm diameter « Pyrex » tube closed
with MgF, windows for the following experimental
conditions: pressure P = 1 Torr, gas flow 5 sccm,
pulse duration 20 ps, repetition rate 0.4 Hz,
discharge current 60 mA within the pulse. The
pulse duration and the discharge current have been
chosen to create measurable concentrations of atoms
and negligible gas heating. For this very low
repetition frequency the atomic density relaxes to a
negligible value at the end of the afterglow.

Absolute oxygen atoms density is measured by
absorption of the atomic oxygen resonance lines at
130 nm. The light source is a low pressure

* discharge (Damany lamp) working in a O,-N,-He

(1-1-98) mixture. The lines profiles have been
measured using the very high resolution
spectrometer at Meudon Observatory [3]. Oxygen
atoms concentrations [O] are calculated from the
transmitted signal in the time afterglow as described
in [3].

The detection system is composed of a VUV 50 cm
focal length monochromator with a solar blind
photomultiplier. The signal is amplified and
transmitted to a multichanne! analyser working in
photon counting mode.

Before working in the pulsed mode, the discharge
tube wall is treated, during a long time; using a
80 mA DC discharge in pure N, or in pure O, with
a gas flux of 20 sccm.
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3. Results and discussion.

3.1 Pure oxygen afterglow.

Figure 1 shows [O] concentration versus time
during the afterglow for two different wall
treatments. In the first case (curve a) the wall was
submitted to a pure N, DC discharge during 4
hours. The second curve (b) is the same
measurement after 4 hours of treatment in pure N,
followed by treatment in a pure O, DC discharge
during 1 hour.

We observe that the loss of oxygen atoms is slower
for the case a. Then, nitrogen treatment reduce
oxygen atoms recombination. In order to verify if
this effect is a wall or a volume effect due desorbed
nitrogen atoms or molecules we study now time
after glows in N»-O, mixtures.

3.2 Oxygen nitrogen mixture.

We measure the variation of [O] versus time during
the afterglow in nitrogen oxygen mixtures for
oxygen percentage varying from 2% to 80% . As in
the case a of the figure 1, the wall is submitted to a
pure N, DC discharge during 4 hours. The results
are presented in figure 2. We observe, in the
afterglow, the increase of [O] with O, percentage.
On the- other hand, we can point out that N,
percentage in the gas mixture have no measurable
influence on characteristic decay time of [O]. This
clearly demonstrates that the main loss process for
oxygen atoms is recombination at the wall." .
Therefore it can be deduced from the results
presented in figure 1 that O recombination at the
discharge tube wall strongly depends on the
absorbed species.

Work is in progress to precise the kinetics at the
wall in collaboration with V.Guerra, J.Loureiro,
V.Zvonicek and A.Talsky [5].
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1. Introduction.

Oxygen nitrogen mixture discharges are used in
wide range of applications as for instance atoms
sources for surfaces treatmerts. A study has been
undertaken in our laboratory for several years to
establish surface and volume kinetics in low
pressure DC discharges. In order to free from
electronic processes we are now investigating the
time afterglow of a pulsed discharge. The aim of
this work is to present volume kinetics in such an
afterglow. The surface kinetics is studied in a
coupled paper submitted to this conference {1].
Relaxation of N, and NO excited states during the
afterglow are deduced from optical spectroscopy
time resolved measurements. Oxygen and nitrogen
atomic concentrations are measured by VUV
absorption spectroscopy. A simple model for heavy
species kinetics supported by these experimental
results is presented. '

2. Experiment

The pulsed discharge is created in a 50 tm length
Pyrex tube closed with two MgF, windows. The
oxygen percentage & varies from 0% to 20% for a
total pressure P = 1 Torr of the N,-O, mixture and
a gas flow of 5 sccm maintained to remove
impurities.

The pulsed discharge parameters are 50 ps pulse
duration, 1 kHz repetition frequency and 400 mA
discharge current within the pulse. These
parameters have been adjusted to create measurable
concentrations of active species and a negligible
gas heating, .

The intensities of the first positive and second
positive systems of N, and NO(y) bands are
measured by emission spectroscopy in the visible
and near UV using a 60 cm focal length
monochromator. The output signals are amplified
and connected to a multichannel analyser working
in photon counting mode.

The absolute concentration of oxygen and nitrogen
atoms are measured by VUV absorption
spectroscopy at 130 nm and 120 nm respectively.
The lamp is a low pressure discharge ( Damany
lamp ) working in a N,-O,-He (1-1-98) miixture.
The source line profiles have previously been
measured using the very high resolution

spectrometer at Meudon Observatory [3]. The
detection system is composed of a 50 cm focal
length VUV monochromator and a solar blind
photomultiplier.

3. Results and discussion.

The emissions of these excited states No(B), No(C)
and NO(A) are observed in the time afterglow for
duration up to 500 ps whereas their radiative
lifetimes are respectively 9.8 ps, 37 ns and 187 ns.
Consequently, these states are repopulated during
the afterglow. In our experimental conditions, the
reexcitation of these state can only result from
energy transfers from metastable species.

In N,-O, mixture discharges, the main processes
for populating excited states are [2]:

No(A)Y+ N2(A) = N(B)+ No(X)
— No(C) + No(X)
N(A+NO o5 Ny(X) + NO(A)

Figures 1 and 2 present respectively the emissions
from N,(C,v=4) and NO(A) as a function of time
for 8§ from 0% to 20%. The fluorescences in the
near afterglow can be described by exponential
laws: -

I=1,e"
where vy is a characteristic fluorescence frequency.
vy is measured for Ny(C), N2(B) and NO(A). We
found that vy increases with increases oxygen
percentage. Furthermore for & lower than 5%,
VF(C) ~2. VF(NO).
This result is in agreement with the proposed
crude kinetics if [N,(A)] is assumed to follow a
monoexponential decay. As a matter of fact, Ny(C)
production involves two N,(A) molecules whereas
only one is needed for NO creation.
In the same experimental conditions, oxygen and
nitrogen atoms densities are measured [3]. We
observe that O density increases with oxygen
amount. On the other hand, [O] remains constant
in the afterglow during the decay of the observed
radiative states. Nitrogen atoms concentration is
strongly dependent on §. Figure 3 shows the time
evolution of [N] for several values of 5. We observe
that [N] decreases with increasing & and, the
higher is 8, the faster is [N] decay. In afterglows,
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recombination of N atoms at the wall is very slow
( recombination probability y ~ 10 [4] ) therefore,
the kinetics of nitrogen atoms is mainly controlled
by volume reactions. .
Work is in progress to develop a kinetic model
including volume reactions and reactions at the
wall in collaboration with V.Guerra, JLoureiro,
V.Zvonicek and A.Talsky [5].
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Figure 3. Nitrogen atoms density in the after-glow
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Improved Description of a Neon Glow Discharge by Rate Equations

St. Franke', H. Deutsch', D. Uhrlandt®* and C. Wilke'
Institut fiir Physik, Ernst-Moritz-Arndt Universitit Greifswald, Domstr. 10a, D-17487 Greifswald, Germany
2 Institut fiir Niedertemperatur-Plasmaphysik, R.-Blum-Str. 8-10, D-17489 Greifswald, Germany

1. Introduction

Rate equations are known to represent excellent tools
for a simple description of the positive column of low
pressure glow discharges. The situation may be
simplified further by radially averaged rate
coefficients. Compared with Monte Carlo simulations
[1] or a rigid solution of the BOLTZMANN equation
[2], these rate equations provide an extraordinaryly
tractable approach for the description of typical
properties of the positive column.

It was shown by RUTSCHER and PFAU (1967) [3] that
the stationary current voltage characteristics can be
described with an empirical set of rate and transport
coefficients. However, a proper description of the
impedance behaviour of the plasma fails with this set.
WELTMANN et al. (1992) [4] gave another empirical
set of coefficients for the impedance characteristics
only.

Thus, there are two differing sets of coefficients for
the stationary and the impedance characteristics,
obviously representing an insufficient physical

description. The present paper deals with approaches

to remove these discrepancies for a neon glow
discharge.

2. Theoretical approach

We started with a critical comparison of the atomic
‘data available in the current literature. The most
striking feature is the large discrepancy for excitation
cross sections of metastable levels (see Fig. 1) [5]
near threshold energies. Owing to the enormous
importance of excited species for the formation of
the plasma the choice of data may falsify the solution
of the rate equation approach.

If the electron energy distribution function is
calculated for a cylindrical, stationary, axial
bomogenous plasma by a 2-term approximation of
the BOLTZMANN equation, it can be shown that rate
coefficients must be considered to be radially
dependent. A comparison of radially averaged rate
coefficients of the radially inhomogenous
BOLTZMANN equation with rate coefficients derived
from the radially homogenous BOLTZMANN equation
yields considerable deviations which must be taken
into account. .

T 25— : Mityureva (1983) (*0,5)
8 - : Register (1984)
[
20 Phillips (1985)
E ........................... -
g 15
8
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8
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& i : :
2 { : :
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incident électron energy [eV]

Figure 1. Cross section for collisional excitation of
ground state neon to metastable excited states by
electron impact.

However, experimentally derived cross sections are
unknown for many elementary processes, e.g. pair
collisons of excited atoms or stepwise excitation cross
sections are unknown. These parameters have to be
adapted by a critical comparison to experimental
results.

3. Experimental results

We performed measurements for both the stationary
current voltage characteristics and the impedance
behaviour (see Fig, 2) of a neon glow discharge.

1500 —

—
(=]

o .
=

500 |-

experiment

reactance r . o/p 0 [/Torr]
o

-1000 0 1000 2000 3000 4000
ohmic resxstancer r /p [/ Torr}

Flgure 2: Companson of the experimentally and
theoretically derived impedance behaviour of a neon
glow discharge (r;=lcm, p,=1.51 Torr, I =ImA).

Although rate coefficients of some _elementary
processes (see above) have been adapted, the
agreement of experimental values with theoretically
erived impedance behaviour was insufficient.
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However, if we take into account the radially
dependence of rate coefficients, a consistent set of
rate and transport coefficients properly describing
both the stationary and the impedance behaviour can
be given for different poro. The result is displayed in
Figure 2.

4, Conclusions

We have improved the description of the positive
column and its electrical properties by rate equations.
It was shown that radial dependencies of rate and
transport coefficients are necessary for for a
consistent description of  the stationary and
impedance behaviour even if additional elementary
processes are taken into account. Qur experimental
results support theoretical considerations concerning
the influence of radial dependencies of the
BOLTZMANN equation.

This work was funded by the Sonderforschungs-
bereich 198 ‘Kinetik partiell ionisierter Plasmen’,
Projekt A7 of the Deutsche Forschungsgemeinschaft.
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Electric discharge im crossed electric and magnetic fields.

A.L Bugrova, A S. Lipatov, A 1. Morozov, V.K. Kharchevnickov
Moscow State Institute of Radio Engineering, Electronics and Automation (MIREA), Moscow, Russia

Characteristic properties of toroidal electric
discharge which is created and confined by crossed
E-H fields are investigated. Integral and local
characteristics of the discharge are obtained and
oscillations are studied. The system is based on two
parallel ring coils (Fig.l) with small cross-section,
rigidly fixed, having currents of the same direction.

n tube
N:

cathode z

coilsA-"T i

0o )
>/ >/
Fig.1
Distance between rings is equal to 10 om, each
diameter is 30 cm. The coils were installed in the
vacuum chamber with diameter ~ 100 cm. Electric
current in the coils produced magnetic field with
separatrix having figure of eight and corresponding
“zero“circumference where the magnetic field strength
is zero. Magnetic field is sufficiently less outside the
coils; its maximum is Hy =20 Oe when electric current
in the coil is J,=1.5-103 A.

Working substance (Xe) is bled into the region
between the coils with 5 mm diameter tube. Just
opposite the bleeding tube the pointwise
thermoemission cathode was placed at “zero" line of
magnetio field. The anode surfaces were the vacoum
chamber and outer surfaces of magnetic coils covered
with aluminium foil. The discharge voltage Uy = 70-
400 V was applied between the anode and cathode;

-anode being at earth potential, cathode being at
negative potential. '

Electric discharge appeared as glowing ring with
small cross section (~2 cm in diam.) placed between
the rings along zero line of magnetic field. We may
interprete the dynamics of plasma charged particles as
below. Since the discharge glows at small magnetic
field (H, =20 Oe) then only electrons are confined by
magnetic ficld. The ions, at the same time, arc
confined by electric field. Fig.2 represents the
distribution of local plasma phrameters in directibn
ortogonal the median plane of the system on straight
tine passing through zero field (z-axis). The
parameters were obtained with aid of electric probe.
When H, = 20 Oe the maximal concentration of
electrons, electron temperature and plasma potential
are: (@), = 51010 cm3, (T ), =25¢V, 0 =80 V.
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Fig.2

The great attention was paid to studying of
oscillations in the system. Reason is , that, for our
system dimensions value of electron density plasma
volume is sufficiently transparent for neutral Xe
atoms going from the tube and vacuum chamber. The
dynamic Xe pressure in the chamber is py = 10 Torr
and ocontinuous partial ionization of atoms
penetrating the whole plasma volume takes place. So,
there is accumulation of appearing ions. The
stationary regime may occur only if ion lifetime iz

1

no(cve )ion

where n, is mean atom concentration in the system.
When p; and T, are as mentioned above, 7, ~ 10 mks
and:onmergys < ¢ [®,.|. If oscillations are absent
the system would be overfilled with ions -(ion
concentration would increase by e-times during time
). One can easily check that ion rm-off to the
cathode is inaffective in our case due to smafl ion
velocity. So it is natural to expect the existence of
powerful "waste” oscillations. The oscillations of
parameters were detected by probes separated by
angles 100°, 180°. The oscillations of ion and electron
currénts at the operating mode My, = 2 mg/s, U,
=180 V, H;=20 Oe were measured Ag it happend the
period of oscillations t; ~ ~ 15 mks , an ion
current modulation is at the level 50 - 100 % At the
same time discharge current osbillations are relatively
small (< 10 %). We have also measured ion current
oscillations varying H, from 16 Oe to 25 Oe. We
obtanwdwhengmcredsestp,&creasesfrom 15 mks
to 10 mks.This %; chdnge cdn be associated with
bettér electron confinmbnt anfl subsequentely more
rapil accimulation of ion i the system during
ionization. The data reprebented here indicate
syndnimously ion run-off due to oscillations
withstands to ion accumblatior and osciflation period
is in reasonable oonsent with characteristic
accimulation timb.

T.. =
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COMPUTATIONAL RECONSTRUCTION
AND VISUALISATION OF SWITCHING ARC

Aubrecht V., BuSov, B., Hana&ek P., Madek J., Peska L., Stefka J.
Technical University of Brno, Dept. of Elect. Machines and Apparatus, 602 00 Brno, Czech Republic

Introduction

Breaking of an electric circuit is accompanied by the
formation of an electric arc between the circuit breaker
contacts. A reliable function of the circuit breaker
depends on several factors, the most important of which
include: mechanical resistance of the individual
components, circumstances of the switching arc
extinction and the associated recovery of the dielectric
strength of the medium between the circuit breaker
contacts. A gr’e'at influence on the switching process
exert also the aerodynamic relations in the quenching
chamber, the direct measurement of which is hardly
feasible using contemporary techniques. Therefore the
shape of the arc plasma burning between the circuit
breaker contacts is scanned with a high-speed camera.
The switching arc in the quenching chamber was
simultaneously photographed from two fixed rectangular
directions photographs from the high-speed camera
represent a time analysis of the studied process which
allows through their digital processing the determination
of the time changes of the arc plasma shape. The
negative film from the high-speed camera holds series of
frames with the plasma shapes of the switching arc at the
moments of exposure of the individual pictures.

Experimental methods

In our laboratory we use an equidensitometry evaluation
{1] of the negative which brings an enhancement of the
quality of the evaluation process and which represents

apparently the most suitable procedure for the

evaluation of the frames from the high-speed camera
film. The method of equidensitometry diagnostics is
based on digitising of the frames of the analysed object.
When using the high-speed camera, a sequence of
frames on the negative film is formed. Each frame
represents a fixed shape of the arc plasma at the
exposure time.

The term ,equidensitometry“ denotes a complex of
procedures which allow the obtaining of curves with the
same blackening (grey level) of the photographic
emulsion on the evaluated frame, and methods of their
interpretation which make possible to obtain required
properties of the scanned object from them. In the case
of the electric arc these are mainly changes of its shape
in time and the rate of its movement in the monitored
equipment.

The magnitude of blackening of the photographic
emulsion corresponds to the intensity of incidence

radiation. The curve connecting -points with the same
blackening is called equidensity. From the form of
particular equidensities we can draw conclusions about
properties of the recorded plasma.

A diagram with the set of equidensities is made using
software DIPS r.5.0 (Digital Image Processing System).
Particular equidensities are plotted with the step
depending on optional isolines transform filter.

In Fig 1 we show the equidensitometry analysis of one
frame of the negative film from high speed camera with
projection of the SFy switching arc into two mutually
perpendicular planes. Parameters of experiment in this
case were as follows: rupturing current of 2.8 kA,
voltage of 7.2 kV, SF; over-pressure of 0.4 MPa [2].

Fig. 1 Equidensitometry analysis of the arc image.

Two. contour equidensities which define the arc
boundary are plotted in Fig.2
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Fig.2. Pair of corresponding equidensities which
determine the arc contour in rectangular planes.
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A pair of such appropriate contour equidensities
processed by CAD package [3] allows a reconstruction
of the switching arc in a space. The reconstruction of the
arc image was carried out by the method of several
parallel sections through a pair of the equidensities. A
section cuts selected equidensities in four points which
define in first approximation an ellipse in the cutting
plane [4] (see Fig.3).

D D

¢ ¢
Fig.3. Approximation of the arc section by an ellipse.

The envelope around such ellipses obtained in several
planes of space represents the surface of the 3D arc
image (Fig.4).
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Fig.4. Several parallel sections of the arc image with
elliptic contours. :

The final result of the computer arc reconstruction is
presented in Fig.5.

Conclusion .

Computer techniques offer a new possibility of
analysing and processing of experimental data into an
accessible and inspiring form. 3D reconstruction and
visualisation provides information about the switching

arc in a form readily understandable for students and -

inspiring for research and development workers. It is
possible to monitor changes of the arc shape in time and
space via computer animation of sequence of the 3D arc
images.

Such approach to the switching arc research can
significantly contribute to the computation of further
physical quantities that are required for assembly of the
theoretical models of the switching process in the
quenching chamber of power circuit breakers.

'

Fig. 5: Spatial reconstruction of the arc image in the
quenching chamber of the circuit breaker model.
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Some remarks to calculation of ionization and recombmatlon coefficients in
SF¢ arc plasma
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1. Introduction

Electron-ion recombination is one of the main
reactions (together with dissociative electron
attachment) which are responsible for decay of free
clectrons in plasma and consequently protect the
diclectric breakdown in extinguishing SF, arc.
Different methods have been proposed in the past
for  calculating the atomic electron-ion
recombination coefficient of plasma (e.g. [1]-[3] ).
The aim of this paper is to give a simple method
for calculation of ionization and recombination
coefficient which in addition takes into account
radiative processes and atom-atom collisions.

2. Modified diffusion approximation

The modified diffusion approximation [4] is based
on the assumption that due to collision processes the
bound electron diffuses in the discret atomic energy
spectrum. The Fokker-Planck equation in finite
differences is derived

dn ~ Af .
dr e M

where the net flow is given by (for optically thin
plasma)

P — _ a
Je = M2k ey T M Zi e TW
a R
~ MWk — Mo A
where

Bk
Zype1 =
Fhe AEk(Ek—I—EkH)

and
' A B
Zk+] . — k+1 + k+1
' AEk AEk (Ek _Ek+2)

are effective probabilities of single-quantum
electron-induced transitions, ‘diffusion’ coefficients
Ay, By are expressed by means of amount of energy

transfer; n; is concentration of atoms in the state %,
E; denotes the energy of the level k& , w4, are
transition probabilities by atom-atom collisions, 4"
includes the sum of radiative transitionn
probabilities.

The solution of equation (1) in quasi-stationary
conditions

dn,

?:Oijzkonst:j

is

Jj= (OH n( )o)/

R, = ZRk,kH

k=1

in which

0
1zl
ek wl‘:,k+1
14—

Zi k4

and the radiative factor IT is given by

H H(1+ n+l n+1n)/(1 kk+1

nzk n+1 n Zpn Zk k+1

n’ , n' , @) denote the equilibrium
concentrations of atoms in the ground state, free
electrons, and ions, respectively.

Comparing Eq. (2) with

s +
j=nnp-nnna

in which o and S denote recombination and
ionization coefficients respectively, and including
direct recombination ionization to the ground level
it is obtained
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a= n_(wel + Ael) + [nen:)(n+)oRle]_l

e

3
1 0 -1
B= —n_wle +[nnTLR,]

e

where A, ,w,; ,w;. are probabilities of both direct
radiative and collisional recombinations, and
collisional ionization respectively.

3. Results and discussion

From the relations (3) the recombination and
ionization  coefficients of electron-induced
collisions, collisional-radiative processe and atom-
atom collisions were determined for atoms S and F
in the temperature range 2500 - 10000 K for two
different pressures p=0.1 MPaand p=1.0 MPa .
The concentrations of electrons, atoms and ions are
determined for given temperature by calculation of
equilibrium composition of the system of products
of SF¢ - decomposition [5]

{F,S,SF, S,,F,, ¢, F, S, SF, S, SF*, S,*}.

Fig. 1 and 2 give the temperature (and consequently
also particle concentrations) variations of
recombination and ionization coefficients for S. «
is higher ( B lower) for collisional-radiative
processes and for atom-atom collisions than for
electron-induced collisions because the plasma is
assumed to be optically thin. With increasing
temperature the difference decreases, this being due
to decreasing of influence of radiative processes and
increasing of electron concentration in the system.
For low temperature where n,>>n, the influence of
atom-atom collisions is notable.
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. 1. Recombination coefficient of S at a pressure
p=0.1 MPa
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Fig.2. Ionization coefficient of S at a pressure
p=1.0 MPa

In Table 1 the values of recombination coefficient of
atoms S and F are given. In this computation the
collisional-radiative processes at a pressure
p=0.1MPa were taken into account. With increasing
temperature ¢ decreases more rapidly for F than for
Sbut for higher temperature this decreasing is
slower.

Table 1. Collisional-radiative coefficient forSand F
at a pressure p=0.1 MPa

T [K] afor S aforF
[m°mol s [m®mol s
3000 3.449 x 10'% 1.630 x 10'2
6000 4,141 x 10"° 6.058 x 10°
10000 7.809 x 10° 9237 x 10°
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1. Introduction

In the contribution is described the measurement method
of the temperature field of the electric arc plasma. The
temperature field was determined by the interference
method. The temperature field distribution in the vicinity
of the plasma of the electric switching arc is one of the
most important parameters which influence the
construction of electric switchgear. Prior to this the
temperature field was measured by probe methods. The
latter are not capable of measuring continuously the
examined space. Therefore it is highly advantageous to
employ interference method which allow the obtainment
of temperature values in all points of the space which is
being examined.

2. Experimental

The subject of the measurements was an electric arc fed
with a DC current with the values 20, 40 and 60 A. The
arrangement or the electrodes was vertical whereby the
bottom electrode was the cathode and the top one the
anode. The electrodes were of a cylindrical shape with a
diameter of 6 mm. The materiel of the electrodes was
carbon.

The measurements were carried out with an
autocollimation interferometer which is illustrated in
Fig.1.

- /8 °

o "4

_Jr___
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r

Fig.1: Experimental arrangement

1- He-Ne laser,

" 2- pulse laser,

3- power supply of the pulse laser
4- high-speed camera,

5- bundle spliter (prism),

6- lens,

7- arc discharge,
8,9-semi-transparent mirrors,

10- aperture.

The light source was a pulse-type ruby laser

(A=694.8nm) with an output energy of 1 to 5 Joule/pulse.

There was also used an optical monochromatic filter for-
the wavelength A= 694 nm. The laser operated in a free

generation mode. In our case was employed a diaphragm

for setting the laser energy onto a value of 1 Joule/pulse.

The pulse length was 250 psec which corresponds to a

laser performance of approx. 4 kW.

For adjusting the interferometer-was used a He-Ne laser
(A=632,8 nm) which operated in a continuous mode with
a performance of approx. 3mW.

For scanning the interference patterns was employed a
high-speed camera with a rotating mirror. The high-
speed camera was synchronized with the start of the laser
pulse in such a way that at the moment when the mirror
is in such a position that the laser beam can impinge onto
the location of the first photo, the camera hands over a
signal into the circuitry for controlling the high-speed
camera. The circuits generate s HV pulse with a
magnitude of 12 kV, a breakdown of the spark gap
occurs and the current which has passed through the
discharge on the spark gap induces in the coil a voltage
pulse. This pulse triggers a sawtooth generator with a
voltage of 3 V. The generated sawtooth pulise triggers the
power supply of the laser and this applies onto the pulse-
type laser a voltage which is necessary for the formation
of a light pulse.

The high-speed camera utilized a rotating mirror with a
speed of 30 000 r.p.m. At the moment of a laser pulse
generation began the recording of a set of interference
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patterns. Between two consecutive interference patterns
is a time delay of 5 psec whereby the exposure of every
picture is 1 psec. The high-speed camera operates with
two display planes. The first one is the plane of the lens
L1. This plane is focused onto the electric arc (end the

electrodes, respectively) and displays it onto the
photographic emulsion. In the second plane operates the
lens L, which displays the diaphragm onto a set of small

lenses L3. Only the upper diaphragm was utilized, so that

the interference fields were displayed only on the
unscreened locations (in this case the time interval
between the individual pictures is 10 psec). The exposure
of every interference pattern was for both cases 1 pisec.
The recording material was a negative film with a
sensitivity of ISO-450.

The result of the experiment are photos of interference
patterns which correspond to changes caused by the
temperature field of the electric arc plasma.

Through the evaluation [1] of the interferograms was
obtained the temperature field distribution of the plasma
of the electric arc fed by a DC current. The result of the
evaluation are radial temperature waveform in the plasma
illustrated in Fig. 2.

K
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600

1 348 4 5 6 7 8 9 40 i1 i3 15 14 15 16
Radius [rn)
Fig. 2: Temperature waveform in the surroundings of an
arc discharge in relation to the distance in a radial
direction from the arc axis for current 20 A.

3. Conclusion

The method employed in the paper allows a relatively
accurate measurement of the temperature field in the
plasma of an electric discharge and in its immediate
surroundings. This is the firt step towards the
measurement of temperature fields in quenching
chambers of switchgear. It will allow the determination of
thermal stressing of the quenching chamber wall. We
consider the procedure adequate for practical
applications. The results are comparable with

measurements carried out by spectroscopic methods and
it can thus be assumed that the error of measurement is
10%.
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THE PLASMA MODEL OF NEW MODE HOT ANODE VACUUM ARC
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1. INTRODUCTION

The hot anode vacuum arc (HAVA) is of interest
because of its potential application in the deposition of
high quality thin films (without the liquid droplets), in
the high temperature synthesis of materials, and for
application as a metallic plasma source[1].

In our previous experiments{2,3] the HAVA was
studied using a planar Cu cathode and a thermally
isolated solid graphite cylindrical anode with radius
R=16 mm, length L=30mm and interelectrode gap
h=10mm. A new mode of HAVA operation was
established. A copper plasma was re-evaporated from
the hot anode when its temperature was above 1900K,
and no carbon vapor or carbon plasma were detected
even when anode temperature reached 2300 K{2,3].
The transition of the arc from the multi-cathode-spot
mode to the HAVA is characterized by the formation of
a radiating plasma plume near the anode that expands
towards the cathode. The measured electron
temperature is about 1 eV.

The objective of this paper is to formulate a plasma
model for this new mode of HAVA operation (with a
refractory anode) which, given the arc current and the
electrode geometry and materials, can predict quantities
which have been observed experimentally[2,3].

2. THE PLASMA MODEL _
During the initial discharge period, when the anode is
not yet hot, the cathodic plasma flux condenses on the
anode. The coefficient of atom condensation (k) is
close to 1, and a thin film of cathode material is
deposited on the anode surface. When anode surface is
heated to a sufficiently high temperature, the film will
be re-evaporated and k<1, and depend on the anode
surface temperature.
The thickness of the film assuming that all of the
material eroded from the cathode is deposited uniformly
on the anode surface, is G 1 t/(Ay), where G is the
cathode erosion rate, I is arc current, t is the duration, A
is anode surface area and y.is mass density. In a case of
a copper cathode, G=100 pg/C,.y=9 g/cm'3 and, if A
~10 cm? and I=300 A, the film thickness can reach
~30 um in 10s. During the discharge, the anode
surface temperature increases and the deposited copper
film is re-evaporated with an evaporation rate W(T){4].
The value of k. (T) can be obtained from the heavy
particle balance at the anode surface as:

_, WTHA,
ke (T)y=1- GI (€))
Using Eq. (1) for a Cu cathode shows that k. (T)=1

0.02 for anode temperatures T=1000-1800K. The heavy
particle density in the interelectrode plasma can be
obtained from the particle balance, taking into account
particle flows from the interelectrode plasma towards
the cathode and in the radial direction. The particle
balance is given by:

IG[1-k(T)}/m =Ty + T 2)
where I'j; and T are the particle flux per unit time in
radial direction and towards cathode respectively. In
Eq.2, the particle currents are obtained assuming that
the plasma is fully ionized. This assumption is based on
the relatively high electron temperature in the cathode
plasma jet. In a first approximation the problem can be
considered as one-dimensional with a uniform plasma
density, and the plasma flux towards cathode can be
disregarded. The particle losses in the radial directions
can be written as:

[y =2nRhn VR 3)
In the considered conditions, from Eq. 3 and Eq. 2 it
follows that plasma density n in the gap with length
h=0.01 m for the hot anode (k.=0) depends on the

. . : [
radial plasma velocity Vp as n ~ 1021%. In the

extreme case VR is about thermal wvelocity iB
~103m/s, the density is minimal and Dpin~(2-3) 10
m™3 for I=175-340A. In general, k. is not zero, and the
plasma density changes durmg the discharge.
Therefore, the mean free path, determined by the
elastic, ionization and excitation collisions between the
plasma beam ions and electrons with interelectrode
(background) plasma ions and electrons, are time
dependent. Therefore the intensity of cathode plasma
beam interaction with the background anode plasma
also is time depended.
It should be noted that even for the np,;, the random
electron current to the anode is approximately 4- 103 A,
i.e. much larger than the arc current (200 A), and, thus
the anode will have a negative potential U, with respect
to the adjacent plasma.

3. THERMAL MODEL

The anode temperature distribution can be determined
by the following non-stationary and nonlinecar heat
conductivity equations:

AT = MDA pe M2 e ex)ogpT (@)

The boundary and initial conditions are:

dr
MT) g (@t x=0)=0in(T)-qro(T)-qev(T) O
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T(=0, x) = Tg O
where qm(T) = €5 OSB T4 » 4L(T) = &g OSB T4 p(T),
c(T), MT), pe(T) gg are anode material mass density,
heat capacity, thermal and electrical conductivity, and
surface emissivity, respectively; qin(T), qro(T), LM,
qey(T) are the temperature dependent incoming heat
flux, the flux radiated by upper surface, flux radiated by
the lower surface, and the evaporation heat flux,
respectively. The radiation from the side surface of the
anode is taken into account in the last term of Eq.4,
where the parameter eqg(x) is the effective emissivity,
which takes into account the fraction of the radiation
flux which escapes from the sides of anode via the gap
between the anode and the radiation shields {2].

In order to solve the Eq.4 the expression for g, (T) is
needed. In our previous work[2] the qj,, was taken as
empirical. Here the expression for the incoming heat
flux qjj is based on the above mentioned plasma model
in following. In general, the anode can be heated by
electrons qgp, and ions, q;p from the cathode plasma
beam, and by the electron flux dep from background
plasma. The total heat flux to the anode is

Qin = qeb * dip * Gep ' ®
Qep = Tep CTep @) ©)
Qeb = I(l+f)(2Tek + @)Exp(-l/ Lep) (10)

where ¢ is the electrode work function, Lgp is the
effective mean free path and Iy, is plasma electron flux
towards anode. The expressions for these fluxes are:
qiby = I FExp(-WLig) [ 26, (U +Tjp ) +

+ SEZ kin - Zflz(Pz ] ) an
U. I

Iep =elep=Irq Exp ( .-?‘L )7 Uy = Teg Ln( —[t;) (2)

Ip =1~ L0, ) - Tjp0, o (13)

where e is electroncharge, I.q, is random electron
current from the plasma to the anode surface, fj, is
multicharge ion current fraction, z=1,2,3 is ionicity,
Ui, is potential of ionization The ion beam energy flux
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includes the ion.potential energy and ion kinetic energy
with jet velocity V (Ekm—mV 12).
The plasma electron energy balance is :

I(1+02 Ty (1-exp(-(h-x)/Lep) + (-1e(x)Up l"ep(ZT e
+Uy + rerzTep + rir(ZTip +Ujp) (14§)
where Uy, is plasma potential drop and.

The heavy particles den31ty in background plasma is:

1G[1-k(T,
8 (D= "2 Rmhv, as)
4. RESULTS

The ion temperature was assumed to be equal to the
anode surface temperature T(0) and the plasma radial
velocity equal to thermal velocity of the heavy particles.
The solution of Eq.4 for 1=340 A and experimental data
are presented in the figure, showing the time
dependence of the temperature on the upper anode
surface T(0), in the anode body 5 mm from the surface
T(5) and on the lower surface T(L). The curves agree
well with the corresponding experimental data Tex 0),
e\ (5), Tex (L)[2]. The plasma electron temperature
Tea (m the ﬁg is shown Tg,-1000) decreases with time
from the initial value to the steady state value within
30s, and approximately agree with the experimental
value[3].
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1. Introduction

During the arc extinction in H.V. circuit
breakers there is a strong blowing leading to
phenomena of turbulence. These mechanisms are
responsible for the energy transfer necessary to the
recovery of the dielectric rigidity. So a modelling based
only on thermal phenomena cannot explain the
behaviour of the plasma where it exists chemical non-
equilibrium resulting from turbulence or strong cooling
(-10® K.s™). All the models based on the hypothesis of
the local thermodynamic equilibrium (LTE) lead to a
post-arc current, contrary to the experimental results
where the post-arc current is often non-existent after
the zero of the alternative current. To interpret this
difference, we have to consider that molecular species
may be present in the hot regions. So the plasma
column should be cut by a portion of gas with a small
electrical conductivity unlucky to the circulation of the
electric current.

The general aim of this work is to simulate the
decaying arc behaviour taking non equilibrium effects
into account. So we have built a mathematical model
coupling a hydrodynamic and kinetic study for an SF
gas in a two dimensions flow in a transient state. The
coupling between hydrodynamics kinetics is made
through the pressure and the mass density.

2. Mathematical model

The model treats a two dimensional SFg arc in
transient state. It is based on the following main
assumptions: the plasma has a cylindrical symmetry;
we consider that the transport coefficients: electrical
conductivity o, thermal conductivity «, specific heat Cp,
viscosity p [2], net emission coefficient gy [3] are only
functions of temperature. For the net emission we
assume an isothermal and homogeneous cylindrical
plasma of radius Rp (Rp = 2 mm). Diffusion of
particles is neglected. The calculation domain and
boundary conditions are given in figure 1 and table 1.
The dimensions of the calculation domain are
respectively 2 cm and 0.5 cm on the axial and radial
directions for a grid of 40 x 40 points. On the electrode
(line EF) we made a preliminary study, resolving in a
one dimension the equations (1) and (2) in order to give
the boundary condition for the resolution of the 2D

stationary model and to give the temperature and radial
velocity components for the transient state. The
conservation equation that we use in stationary and
transient state are the following.

on the electrode (line EF)
% 10 0= 1
¢'3t+ri3r(rp )_0 M
T aT _10f o7 2_ 2
pCpa +vapar-rar( ar)+csE 4reN @
species %‘-+V-(ni V)=Cai--niDa.l 3
LIRS I
momentum 2=+ ¥ (pV9)= VP+V(pV ) @
energy
P—a-£+V(pVh) (KVh)+cEz—4m-: +v.vp (5
ot C N
Mg P=Znikb'r pzzlnini (6)

1 1

where V is the vector velocity (u an v are the
axial and the radial components of the velocity), P is
the pressure, h the specific enthalpy, n; represents the
particle density of species ‘i’, Ca; the number of
particles created, n; Da; the number of particles “’
destroyed by unit of time and volume. The terms Ca;
and Da; are functions of chemical reaction rates,
calculated by Borge [4]. The resolution of these

equations is based on the algorithms of Patankar [5].
3. Calculation

In stationary state the calculation is made for
current intensity I equal to 50 A and mass flow rate D,
equal to 0.2 g.s. The electric field E is constant and
uniform. The gas entry is situated on the line DE where
the axial velocity profile u(r) of the inlet flow is
parabolic. In order to limit the axis temperature in
stationary state (the reaction rates were computed for T
< 12000 K) and to have a rather strong blowing during
the extinction, we have imposed an increase of the inlet
flow in transient state given by: D = D, (1+29 t/2.107%)
g.s"\. The initial SFg plasma composition is calculated
by a kinetic model given in [6].

After the current zero the electric field E = 0.
We have considered 19 species: (¢, S, S, S%, S,, S.', F,
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F, F', F,, F,", SF, SF, SF', SF,, SFs, SF;, SF,, SF;).
More than 66 chemical reactions between these species
have been taken into account and have been described
in [4]. The direct reaction rates and the reverse rates
are given in [6]. The initial profiles of temperature,
velocities and the 19 species densities are given by the
stationary model. The models (hydrodynamic and
chemical) are coupled with the mass density (7) and the
pressure (6). The time step, At is chosen using a

chemical criterion: At:[(Da)Max]_l, where (Da)uax

represents the maximum destruction rate of any
species.

4. Results

The results are presented for a time equal to 20
us. The temperature field is plotted in figure 2. We can
note a pinching on the entrance resulting of the strong
convection. The maximal velocity on the entrance is
1622 m.s™. In figure 3 we have plotted the relative
electron density field (the relative density is defined as
the ratio of the calculated density on the equilibrium
value npre(T,P)). Our results show mainly an under-

population of electron density in the edges of the arc

that means in the temperature range 5000 K < T <
7000 K. In figure 4 we have plotted the relative density
of S;*. We can note an overpopulation of S," density in
the edges of the arc. The under-population of electron
density is explained by the electron recombination on
the molecules S,, this effect is strengthened by the
convection of the cold gas.

These results on the influence of the
convection are in good agreement with the expected
behaviour. In effect an higher convection or
phenomena of turbulence can lead to an under-
population of electron density in a critical temperature
range for the post-arc phase.
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Introduction

Several studies have shown that departures from
local thermodynamic equilibrium (LTE) exist in
stationary arc plasma at atmospheric pressure in the
vicinity of the anode of an argon transferred arc. El
Hamidi [1] has studied these departures by comparing
the experimental values of particle densities and the
computed values deduced from the equilibrium plasma
composition. He showed that the experimental values
could be different from the theoretical values obtained et
LTE. In this paper we present a spectroscopic study in
decaying argon and argon-copper arc plasmas at
atmospheric pressure. We present the results measured
first in stationary state (these results are necessary in the
analysis of the phenomena), and then in transient state
during the extinction.

Arc chamber

The arc chamber was described in [2]. The
transferred arc was struck in argon at atmospheric
pressure, between a thoriated tungsten cathode and a
copper plate anode. The distance between the electrodes
was adjustable from O to 10cm. In the area near the
anode it was possible to obtain either pure argon plasma
or a mixture of argon and copper vapour arising from
the erosion of the anode by altering the degree of
cooling of the anode. Electrical power was supplied by
three DC sources of 100V and 100A each. Our working
. conditions were 18mm arc. length, 25-40 and 90A
current intensities and argon flow rate of 81/mn.

Experimental set up -

The light emitted by the plasma was collected
by a mobile optical unit and focused onto the entrance
slit of a 1m focal length monochromator. At the outlet
focal plane, an array of 1024 photodiodes or a
photomultiplier were placed and allowed to analyse the
radiation. Arc cut-off was produced by means of fast
thyristor connected to the electrodes which short-circuits
the discharge with a turn of time close to 1 or 2us. The
thyristor trigger was activated automatically using a
procedure that minimises the effects of signal
instability. The signals were recorded with a 100 MHz

oscilloscope. The interruption set up was schematically -

represented in figure 1.

Stationary state study

We have firstly studied the plasma in the
stationary state. Temperature profiles were measured by
emission spectroscopic methods. In pure argon,
equilibrium temperature was obtained by measuring the
absolute intensity of the 696.5nm Al line under LTE
conditions. In the argon-copper mixtures, excitation
temperature was deduced using the ratio between the
relative intensities of 510.5 and 515.3nm Cul lines.
The intensity calibration was performed with a tungsten
ribbon lamp. The local values were obtained using Abel
inversion of the recorded signals.

’ In the table 1 we presented the temperature, the
electron density deduced from the equilibrium
composition and the total copper concentration values
obtained in pure argon and in argon-copper mixtures, on
the axis of the discharge, for three current intensities and
at z=1mm above the anode.

pure argon

argon-copper

1| TR N, (@) |TK) Nem3)| xcu

90 |11500 [4.1022 {9000 }7.1021]3.10-3

40 | 9800 1.1022 8800 }6.1021}1.103

25 9300 8.1021

Transient state

The presence of LTE implies that the
temperature of the species is equal (Te=Tg), and the
internal state distribution of the particles obeys the Saha
and Boltzmann laws. However, in a stationary arc
plasma, the electron temperature T may be higher than
the gas temperature Tg because the electric field heats
first the electrons, ‘and then the electrons transfer their
energy to the heavy particles through elastic collisions..
When Te>Ty in stationary state, immediately after arc
interruption, T, decreases rapidly and reaches Tg value,
then the thermal equilibrium is established. The
behaviour of a total line intensity during the first
microseconds after the power interruption gives an idea
about the equilibrium departure.
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{Oscilloscope |

Figure 1 : Arc interruption set up

Argon case: The variations (before and
immediately after the arc interruption) of the total
intensity of the 696.5nm Arl line measured along the
arc diameter at z=1mm above the anode, for two values
of current intensity (90 and 25A) are represented in
figure 2.
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Figure 2 : Transient evolution of the 696.5nm ArT line
intensity : a) I=90A: b) I=25A

We can notice that the total line intensity
variations during the arc decay are not analogous for
90A and 25A current intensities. At low current, a jump
of the intensity is observed immediately after the arc
interruption and indicates the existence of a departure
from LTE. This phenomenon can be interpreted as
following : the upper level of the 696.5nm transition is
strongly correlated with the free electron and its
population follows the Saha's law. The sudden
interruption of the electric field induces a rapid
thermalisation of the electron temperature; T, decreases
down to the gas temperature Tg in less than 1ps [3].
The electron density ne decreases with a typical time
scale of 100us [4]. Therefore, during this thermalisation
phase, ne remains roughly constant and the atom density
n;j on the level j increases. This results in a jump of the
intensity of the line emitted by the level j. The intensity
of the jump increases with the difference T - Ty.

Copper case : When copper vapours arising from
the anode erosion were present in the plasma, we have
measured the total intensity of the 515.3nm Cul line
during the arc extinction at z=lmm and for 90 and 40A
current intensities. The transient evolution of this
intensity as reported in figure 3, shows a slow decrease
(t=300us) at high current and a very rapid decrease
during a first step at low current.
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Figure 3 : Transient evolution of 515.3nm of Cul line
intensity at 90A and 40A

This downward jump may be explained by the.
fact that the excited levels are situated at low energy;
they are more correlated to the ground state than to the
electrons and their populations are given by the
Boltzmann law. Thus the decrease of T, to Ty without
the evolution of the density of total atom ng leads to a
sudden decrease in the number density of the observed
excited atoms level.

Conclusion

This study is the first of its kind where
departures from Saha and Boltzmann equilibrium with
the same transferred arc device were observed
simultaneously. Similar observations were remarked
with an ICP torch [5].
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Dynamical analysis of a low pressure nitrogen plasma
generated by a transferred double arc
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Previous studies in our laboratory [1],[2] have been
focused on the characterisation of a supersonic low
pressure nitrogen plasma jet. These works were intended
to validate some chemical rates and transport coefficients
involved in the numerical simulation of the space
shuttle re-entry. The interest here is in studying the
stability of our plasma source by considering it as a
non-linear dynamical system. This work intends to
emphasize the temporal coupling between the electrical
parameters of our double arc (voltages and currents) and
the optical emission intensity inside the arc chamber and
at the exit of the plasma source.

The involved methods areveither classical (Fourier
analysis and temporal correlations) or specifically
relevant to nonlinear systems dynamics.

The experiments have been performed in a low density
plasma wind tunnel (chamber pressure 100 Pa, nitrogen
mass flow 0.22 g.s"1). A primary arc (38V, 280 A) is
ignited between the tip of a cone-shaped tungsten
cathode and the throat (Smm in diameter) of a nozzle-
shaped copper anode. A secondary arc (40V, 100A) is
then ignited between the cathode and an annular anode
(25 mm in diameter) set in the extension of the primary
anode divergence. Tungsten and copper have been
successively used as secondary anode materials, This
plasma source is supplied by a set of triphase
asynchronous motors linked to dc generators. The
hydrodynamic stability and the emissivity of the plasma
are greatly enhanced by this increase of the applied
power.

Holes bored through the primary anode give the static
pressure in the arc chamber. The 'reservoir' pressure is
30 kPa and the nozzle is not pressure-adapted. In the
vacuum chamber the plasma spread is 14 cm in diameter
and 150 cm in length.

A schematic draw of the experiment is shown in figure
1. Operating tensions between cathode and primary
anode U1(t) between cathode and secondary anode U2(t)
and the intensity of the 410.9 nm line of the atomic
nitrogen are simultaneously recorded.

The primary current intensity I1(t) is directly drawn
from a shunt. At the secondary anode four copper
intakes have been symetrically arranged for draining the
current. The secondary current intensities are measured
by using Hall effect clamps.

Optical observation of the primary arc has been achieved
by symetrically arranging four optical fibers (N.A=0.4)
in the arc chamber. They are connected to UVP photo-

Optical fibers
3 B

Primary arc 38V Secondary arc 43V

— K —_—

Shunts

Shunts -—
A (Al —— P
;=280 A [iz=100A

A2

T

Mach at the exit: 1. Hall effect clamps

Optical axis

Chamber pressure: 100Pa

Fig.1: schematic draw of the experiment

multipliers. Cardinal pdints (N, W, S, and E) mark the
location of the-current intakes and of the optical fibers.

First experiment:

The secondary anode is a tungsten ring. As a first step
in dynamical analysis, Fourier spectra are computed
from the three different time series Up(t), U2(t) and
I1(v). A low frequency peak is found to be located at 100
Hz which comes from the current generators.
Conversely, two principal frequencies are exhibited (fig
2) on tension time series at 10250 Hz and 6560 Hz
while no high frequency may be distinguished from time
series I1(t).
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Fig.2: Fourier spectra of secondary tension time serie

As expected time correlations between tensions are
strong. Both tensions approximately evolve with the
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same phase. No modulations of the correlation
coefficients are found at high frequency meaning that
there is no stable phase relationship between HF
evolution of U1(t) and Up(t). A dynamical analysis in a
reconstructed phase space has been achieved by using
delay coordinates. The phase portraits exhibit very
jittery trajectories in all cases and especially for I7(t).
Nevertheless a much regular LF evolution can be
extracted from the time series by using a low-pass filter.
The three LF portraits then present very similar shapes
according to the LF correlations. These similarities
confirm that the LF fluctuations are transferred from the
electrodes to the plasma jet. Conversely the phase
portrait associated with high frequency seems to induce a
very high dimensional dynamics i.e corresponding to a
more stochastic behaviour since no structure can be
exhibited.

Second experiment:

The tungsten secondary ring anode is replaced by a
copper anode. The cooling circuit is much more efficient
that in the previous case. The Fourier analysis of the
tension and current signals exhibits strong peaks located
at the multiples of 50 Hz the weigth of which depends

on the observed variable. For instance see the phase

portrait of the secondary voltage shown in figure 3.

ser8b  1=5.0ms
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Fig.3: phase portrait of secondary tension time serie

Unlike the previous case no HF peak has been observed.
We ascribe this fact to the improvement of the
secondary anode cooling circuit.

Typical time series of the optical fibers are displayed in
figure 4: they exhibit the rotation of the primary arc by
glidding of the arc root on the anode nozzle throat. The
behaviour of the arc root in direction and rate seems
stochastic.

In conclusion, LF and HF fluctuations have been
observed in electrode tensions of a low pressure double
transferred nitrogen arc. Some physical interpretations
relying on the discussion of arc root displacement can
explain these observations. In the present case phase
portraits allow to conclude that the number of degrees of
freedom is reduced under anode erosion. Forthcoming
works could allow to precise future applications of tools
arising from nonlinear dynamical systems theory.

0,0F+00 1,2E-02 2,4E-02 3,7E-02 4,9E-02 6,1E-02
0 —t + t + + 0,0

N N S NN NP2

I -04

+ 06
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Fig.4: optical fibers signals

[1] A. Bultel, B.G. Chéron and P. Vervisch; Plasma
Sources Sci. Technol. 4 (1995) 597
[2] B.G. Chéron; 19th ISSW 26-30 July pp3-8
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Study of the commutation of an electric arc in a breaking-device
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Université Blaise Pascal de Clermont-Ferrand. Laboratoire d’Electrotechnique de Montlugon.
Av; A. Briand 03100 MONTLUGON. FRANCE
S. Servant
Groupe Schneider, Centre de Recherches de Grenoble, 38050 GRENOBLE. FRANCE

1. Introduction

We have developed a "magnetic camera" which allows
one to visualize the evolution of an electric break-arc
assimilated to a series of segments [1]. This means of
analysis is non-intrusive because the magnetic probes
that are used to detect the movement of the arc are
placed outside the breaking-chamber. Furthermore, it
has the advantage, over optical means, of giving a
picture of the electronic beam of the arc and not the
phenomena linked to it, among which, light.

This device has already enabled us to contribute to the
survey of the behaviour of the arc in a partxcular
configuration [2].

The object of the study presented here is to define more
accurately how it moves in a breaking-system whose
structure is close to that of the low-voltage automatic
circuit-breakers used in industry (figure 1).

mobile contact blade
anode Z V
L2
e —
braide —
lead c
I 1
cathode Lo
.46 >

Figure 1. Breaking circuit.

In order to produce the arc, the oscillating discharge of
a battery of capacitors (60 mF max.) is triggered off
into an inductance before tilting the mobile contact.
Once the circuit tuned, a half-wave of current, assumed
to have a peak of 7300 A, is obtained.

2. The magnetic camera

Some fifty microcoils (made of 60 turns contained
within 2 1 mm® volume) are positioned along the Y-
axis so as to survey the air gap between the electrodes,
the Y-axis being perpendicular to the plane in which
the arc evolves .(figure 2). The microcoils placed
11 mm away from this plane form a matrix of 5 lines
for every 8 or 10 columns. Along Z the step is 4 mm,
while it is 4.5 mm along X. -

//// % AU A A A A

Figure 2. Locatlon of probes

Associated with amplifying and integrating circuits
they enable us to measure, at any point, the component,
along the Y-axis, of the magnetic induction By(t)
generated by the whole electric circuit. :
If the magnetlc influence of the current leads and
electrodes is neglected, By(t) changes signs. when the
arc moves past one of the probes. The signals from the
probes are recorded during the break-phase with a
sampling period of 8 ps. A processing programme
allows for the determination of those instants when the
induction becomes zero.

3. Computation of the average line of current

In order to take into account the other components of
the electric circuit, an algorithm has been developed to
compute the average line of current. With this aim in
mind, the arc will be supposed to evolve at a constant
speed between two consecutive probes.

The procedure is carried out in the following way :

For a given time, the position where By becomes zero
along the Z-axis is computed for each line of probes.
Let (xs;, zs;) be the coordinates of such a point on line

_1°.. Consequently the problem consists in determining

a polygonal line that, together with the other parts of
the electric circuit, might produce a magnetic induction

"By = 0 at the points under consideration.

Mathematically, this amounts to solving system (1)
where z;, z,... are the coordinates of the polygonal line
wanted (figure 2).

By(xsy,2s81,2,23,...) =0

BY(XSZ’ZSZ’ZI:ZZ,-")=O (1)

Since such a system is not linear, one is compelled to
use iterative calculation : one begins with the shape
assumed by the link between the points where By =0,
say z; =12s;, Zp =128, etc.... It is then moved until it
satisfies each equation of the system (to the nearest
0.4 mT, given the digitilization of the signal).
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4. Results

Several tests have been carried out for several values of
the assumed current, with or without copper or stainless
steel blades. The test presented hereunder has been
made with the following characteristics : charging
voltage of the capacitor 300V, assumed current
2900 A, stainless stecl blades. Fig.3 shows the
evolution of the arc current and voltage. The
commutation signal is the voltage between the ends of
the cathode. This voltage which, among other things, is
function of the length of the electrode through which
the arc current flows, increases when the arc commutes
onto the cathode.

current (S00A/div)

TN
// voitage 20V/div) \

o
v ~ ]
/ commutation signal
N

[ et N\

/',;_’:_/ end of the current transfer "‘1-..,_‘_‘

3
u T T T

0 2 4 6 8 10
time (ms)

Figure 3. Arc voltagé, current and commutation signal.

For each probe of the matrix, the moment when the
signal becomes zero is noted. These times are listed in
hereunder (time in ms).

3.47 [3.36 |3.67 |3.71 |3.73 |3.73 |3.76 [4.00 Line 1
3.67 [3.46 13.69 {3.71 [3.72 |3.73 |3.74 {3.80 |4.00 {4.02 [Line2

3.67 [3.72 |3.74 {3.73 [3.72 |3.74 |3.76 |4.01 |4.31 {4.62 |Line3
13.73 |3.74 [3.73 13.74 |3.80 {3.86 |3.80 |3.86 |5.35'|5.55 jLine4
4.19 {3.82 [3.74 [3.77 |3.74 |3.81 |4.19 |4.98 [5.24 |5.50 |Lines

The figures in the first column result from the
movement of the mobile contact rather than that of the
arc.

Up to t; =4.19ms, the cathodic root is supposed
attached to the mobile contact. Beyond t,, the resolution
of system (1) compels us to consider that the root is
attached to the lower electrode, i.e. the cathode. In
order to define the evolution of the arc, the shapes are
drawn with a constant 100 ps step (figure 4).

It is to be noted that the anodic root starts migrating
towards the back of the chamber as soon as the contact
opens. The curvature of the arc, at that moment, is
highly pronounced. Once the current transfer is over,
the elevation of the cathodic root equalizes that of the
anodic root. The arc, then, straightens out.

57 2% 2
/////////////////////////////////////// YA Y I LA,

74

7 2

. Figure 4. Shapes of the arc with a 100 ps step.

5. Commutation of the arc

In the table, one notices an area where the
chronological order of the "zeros" is inverted in relation
to the direction in which the arc spreads (lines 4 and 5
especially). This inversion is characteristic of a transfer
of current from one arc to another, as will be shown.

In order to achieve this, lines of iso-induction, such as
By =0 in the probe plane during commutation, have
been simulated. For this calculation the circuit has been
simplified (figure 5). Two branches exchange their
current in a linear way. I; decreases from 2000 A to 0
during a 640 ps At whereas I increases. At is the
period of time scparating t; from the time
corresponding to a rapld increase of the commutation
signal.

1 %ff—\

FI+LY

=0 —
6 o 0o o o o |lo
1 © © o o o =72 ps e .

o o o t=640ps—
¥ ol o o o
/\x\

Figure 5. Simulation of the current transfer.

On the same figure, the lines By = 0 have been drawn
for different values of time. Instant O is taken as the
origin of the commutation phase.

At the beginning, the line By =0 is almost horizontal,

which explains the simultaneousness of the "zeros" on
line 4. The first probes on this line might thus be used
to detect commutation when it starts. The curvature of
the line By = 0 with respect to its transfer does account
for the chronological inversion of the "zeros" on line 5.

6. Conclusion

The use of the magnetic camera led us to draw the
shapes of an electric arc evolving in the breaking-
device, provided it is modelled into an average line of
current. The analysis of the commutation phase
presented here will allow us to determine the moment it
starts as well as how long it lasts.

7. References

[1] A. Laurent, F. Gary, D. Cajal, G. Velleaud and
M. Mercier : « A magnetic camera for studying the
electric break-arc » Meas. Sci. Technol. 4 (1993) 1043-
1049

[2] M. Mercier, D. Cajal, A. Laurent, G. Velleaud and
F. Gary : « Evolution of a low-voltage electric arc»

-J. Phys. D: Appl. Phys. 29 (1996) 95-98

XXII ICPIG ( Toulouse, France ) 17 - 22 July 1997




High-current plasma generator radiation
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1.Plasma generator

Plasma source is a watercooled plasma
generator with the point W - cathode and stabilizing
spacer - anods, which forms the expansive channel
with minimal diameter of 6 mm and diverge angle of
12°. The working gas (Ar, N,) comes in cathode
assembly with flow rate of 1,5+2,5 g/s. The duty arc
with current of 40 A maintains the break-down of
between electrode spacing, and the base arc has
variable current up to 500 A. System includes the
computer, which measures necessary parameters,
controls and regulates the power supply.

2. Spectroscopy systems

In experiments we used two systems of
spectra's detection , which were under the control of a
single PC. First system 1is based on the
monochromator consists monochromator MDR-41,
block of control, ensuring the scanning with the given
speed and the control of the current wavelength,
photoelectric multiplier FEU-100, plate ACP L-1250,
inserted into the computer, and the software. Working
wavelength band is limited by the sensitivity of the
photo-cathode of the FEU-100 and is 200-830 nm. To
this range correspond the diffractional grates 3000
(200+500 nm) and 1500 (400+1000 nm) slits per
millimetre, with dispersion 1 and 2 nm/mm!.

The second system consists of the diffraction
spectrograph DFS-452 and of multichannel optic

spectra’s analyser. System includes two photometer -

heads with photo-diode PZS rulers Toshiba
TDS1250A and the interface plate, inserted to one of
the computer ports. Photometer heads are fixed on the
plate that is located at the cassette’s place. Each
photo-diode rule contains 3648 light-sensitive
elements 8 pum long and 200 um height. Spectral
region of the sensitivity is 180-1000 nm. Time of
signal’s accumulation is given by the period of the
interrogation of the rulers and can be changed in the
range 80-20000 ms. Since 12-digit analog-to-digital
converter is included as a component in each of the
photometer heads then only the digital signals are
transmitted to the computer. It ensures a relatively
high noise immunity of the system.

Chart of the optic measurements is represented
in Fig.1. Image of the arc was projected to the inlet
slits of the monochromator 1 and of the spectrograph
2 with the help of the quartz condensers 3 with the
focal lengths 112 and 240 mm.

At the inlet slit of the monochremator there
was mounted the Gartman slit 1 mm height, that was

cutting the near axis part of plasma image. The
spectrograph had the high slit. The central part of
plasma image was projected to the photo-diode ruler,
located along the spectra’s scan. The ruler, located in
the perpendicular direction, detected the distribution
-of radiation intensity in the lateral direction of the
filament.

Fig.1

For the standard of the wavelengths there was
used the radiafion of lamps of the high frequency
exciter of the spectra PPBL-3M with the vapour of
Hg, Ag, and other metals. Small size tungsten tape
lamp TRSH-2880 was used as the standard of the
brightness. Its brightness temperature at the pyrometer
wavelength was 2850 K.

3. Argon plasma radiation spectra

Typical spectrum of Ar plasma radiation from
the near cathode region, obtained by DFS-452 with
PZS ruler in the ultraviolet part of spectrum is
represented in Fig.2
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Spectral resolution of both  automatic
systems was about 0.15 A°, what gave possibility to
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detect the outlines of spectral lines of Arl and Arli,
typical half-width of which is about 1A°. In Fig.3.
there is represented the dependence of the spectral
intensity of radiation in the near cathode region of the
discharge at the current of the arc 400 A. It was
obtained by the summary of the results of
measurement of plasma radiation with the use of the
spectrograms detected by both automatic systems of
information collection.
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Fig.3
4. Results

Set of data represented in part 3 included the
data on the absolute intensity of a great number of the
ion Arll lines, on a number of atomic Arl lines, on
the width (and outlines) of the isolated Arll lines, and
on the absolute intensity of the continuous radiation in
the range of wavelength 250-800 nm. It gives
possibility to evaluate the electronic concentration n,
and electronic temperature T, .

For determination of T, by use of the ratio of

the atomic and ion lines there were chosen the isolated
spectral lines of the sufficient (on the continuum
ground) intensity and of known atomic constants that
well correlate between each other at the analysis in co-
ordinates N,/g,=f (E,). The use of different pairs of
lines leads to the electronic temperature at the
discharge axis in the near electrode region (z=4 mm):
T, (r=0, z=4) = 1.240.2 eV.
Approximately the same value of the
electronic temperature at the arc axis can be obtained
from the analysis in the coordinates T.(I/d) of the
experimental results [1] of the stabilised arcs in argon.
By the use of measured in the work values of
the intensity of the continuum at the frequency
v=23000 cm” (A~430 nm), for which in [2] there is
represented the dependence e, (T), and of obtained
estimate value T,=15000 K, we can obtain the value
n.=(1.140.2)-10"" cm™.
Stark component of the half width of a number of
lines was obtained by the subtraction of the device
width: 8, = &,,°°- 0"
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For the ion lines the Stark width is 0.5 A°, what

corresponds to
n, (8., T=~15000 K) ~1.4-10"" cm™.

Hence, conducted on the basis of measured data
estimates of n, and T, are as follows:

T, = 1.240.2 eV; n,=(1.240.3)-10" cm™.

Spectrum of Ar plasma radiation, represented in
Fig.3, illustrates the relationship in the radiant
energy between the transferred in the continuous
spectrum and in spectral lines, mainly in Arll. The
estimate integration of the radiant energy in the range
of the wavelength 250+-800 nm shows that by the
optical thin radiation is transferred from the plasma in

the radial direction:
800

divQ, =27 [1,dA =1000 W /cm®.
250

Specific energy put in the near cathode region is :
JE ~ 800 A/cm*30 V/em ~24000 W/cm’, so the
radiation losses (in the given range of frequency) are
about 4%.

According to [3] the experimental value of the
electric conductivity c=J/E = 27 mo/cm corresponds
to the plasma temperature T = 13000 K. In the near
cathode region - the region of the main energy input,
and the ionization degree is sufficiently high. In this
case the losses caused by the coulombic interactions
with ions Qi are the main component of the elastic
losses Qel = Qa + Qi » Qi/Qaz nc'Qei/(na'QCAr)> >1
[3]. Neglecting the inelastic losses Qin (what increases
the role of Qi) we can obtain the upper estimation of
the separation of electronic temperature T, from the
gas one T,:

(L-T)= £ .
Bm /| M, Y(knng,,(1)ve)

Inserting into this equation the experimental values
jE and n. = n;, we can obtain that

(T, - Ta)max = 7000 K.

Such significant separation between the electronic
and the gas temperatures at the initial region of energy
input (z=4 mm)at the presence of the stabilizing high
velocity flow is possible (see for example [1]) and is
worthy of the experimental investigation.
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INTRODUCTION

Carbon dioxide is one of the most abundant
chemical found in nature. The CO, molecule is used
in several plasma processes [1]. CO, is of special
interest in thermal treatment of waste. CO, and rare
gas mixture have been studied because of the great

interest of this mixture in order to understand

chemical mechanisms of reactions [2], and to use
them for the production of carbon monoxyde [3]. We
present in this paper results on the effects of CO,
molecule upon an argon thermal plasma. The radial
temperature distributions are performed by optical
emission spectroscopy on atomic line of argon and
carbon after Abel inversion.

EXPERIMENT

The experimental device is 'shown in
figure 1. The wall stabilized arc is produced in a
modified Maecker chamber which is made of copper
hollow cupels cooled with water. Bakelite cupels
isolate electrically the copper cupels one from
another; tangential injection to the arc column of the
studied gas (Ar-CO, mixture) is made. The copper
anode and the tungsten cathode are protected with
argon. Mass flow controllers regulate the gas flow
and adjust the ratio of different gases in the mixture.
Discharge current is adjusted with a DC generator
from 12 A to 50 A. The light emitted is observed
perpendicularly to the arc column. In order to obtain
a good spatial resolution we used a 25 cm focal lens.
The wavelength selection is carried out by a high
resolution monochromator (THR 1500 Jobin Yvon).
The light is detected with an optical multichannel
analyser (OMA 4000 EG&G) fitted with a 512 x 512
pixel matrix controlled by a microcomputer. The
chamber translation is obtained by a micrometric
screw. The plasma diameter can be estimated ranging
from 6 to 8 mm. All the measurements are performed
at atmospheric pressure.

. Maecker
chamber, M.F.C. : mass flow controliers,

Figure 1 : Experimental set up. M.C.

D.C.G. : DC generator, L. : lens, M. :
monochromator, G. : grating, M.S.
mecanic shutter, C.C.D. : CCD matrix,
P.C. : microcomputer.

RESULTS

The temperature is deduced from the
absolute intensities of ArI line (A=696.54 nm) and
CI line (A=538.03 nm). Measurements are fitted
using a spline function before the Abel inversion [4].
The concentration calculations are performed with
the hypothesis of the local thermal equilibrium.

Figure 2 presents the electronic temperature
T, versus the radius of the plasma column in a pure
argon plasma for different currents. Temperature
ranges from 10000 K on the axis of the plasma to
7000 K in the sides. T, increases with the discharge
current; T, gradient is weak and decreases with the
discharge current.

Figure 3 presents the T, radial distribution
for different Ar-CO, mixtures. Temperature ranges
from 10000 K on the axis of the plasma to 7000 K in
the sides. T, decreases with the CO, concentration
increasing.

XXTI ICPIG ( Toulouse, France ) 17 - 22 July 1997




11-97

Figure 4 shows that T.(r=0) is 1000-2000 K 12000
greater than T.(r=2 mm) independently of the
mixture composition. For =0, T, decreases weakly ‘ + r=2mm
when the CO, percentage increases. For =2 mm T, o r=0
decrease is about 1500 K from 0.9% to 12% of CO,. <
T, increases with the discharge current ~ 10000 @ o )
(Figure 5). The gradient of temperature decreases '5'.2' ° 4,
when current increases. E N
é +
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Figure 2 : Electronic temperature versus the radius of
the plasma column in a pure Ar plasma for
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Figure 3 : Electronic temperature versus the radius of
the plasma column for different plasma
composition, [ = 30 A,
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Abstract

Using a model for the cathode sheath of a thermal arc
interacting with a cold Cu cathode, it is shown that
metallic plasma pressures exceeding 12 atm within the
cathode spots are needed to account for the experimentally
estimated current densities. For those pressures, the
current at the cathode is almost entirely transported by the
ions generated by ionization of the vaporized atoms.

1. Introduction

It is known that the current transport within the
cathode spots of thermal arc systems can not be entirely
assumed by the thermo-field emission electrons but also
by the ions. This phenomenon is particularly true for cold
cathode spots of thermal arcs which are expected to carry
current densities higher than 10° A m? [1],{2] (compared
to 10’-10® A m™ for thermionic cathodes [3)). Indeed, cold
cathodes which are made of low boiling point materials
cannot sustain the high temperatures needed for strong
thermal emission, so the contribution of the ions to the
current transport is expected to become considerable.
However, the plasma conditions prevailing within the cold
cathode spots and giving rise to such high current
densities are not well-known,

As suggested by the works of [4] and {5], these
plasma conditions might be similar to those of the vacuum
" arc: the cathode spots are made up of a high density
metallic plasma (>10% m?) formed by the strong erosion
of the cathode material and expanding into the ambient
gas. Such high densities of plasma combined with the
relatively low electron temperatures expected (1-2 eV in
vacuum arcs on Cu [6]) would lead to metallic plasma
pressures within the cathode spots above 10 atm.

In this study, the model for the cathode sheath of a
thermal arc plasma interacting with a cold cathode [7] is
briefly resumed and used to estimate the minimum
metallic plasma pressures needed to account for the

estimated current densities flowing through a Cu cathode.

2. Cathode Sheath Model

A net positive space charge sheath of total voltage
drop V. is formed at the plasma-cathode boundary due to
the presence, in different amounts, of three different
charge carriers: 1) the metal atoms evaporated from the

cathode surface, ionized in the presheath, and moving
back towards the cathode carrying a current density jia, 2)
the thermo-field (T-F) emission electrons carrying a
current jrg, and 3) the plasma electrons retro-diffusing
towards the cathode carrying a current jg..

The different densities of species at the cathode sheath
edge are calculated using the modified Saha equation [8]
and the Dalton’s law for a plasma pressure p, a
temperature T3 for the electrons and a temperature T3 for
the heavy species. T is set equal to the cathode spot
surface temperature 7, and related to the plasma pressure
via a vapor pressure curve (T3 =T, =T,5(p)); the
cathode spot surface is assumed to be in equilibrium with
its vapor.

The z-charged ion specics of density nj° at the
cathode sheath edge are assumed monoenergetic and to
enter the sheath at the Bohm velocity (Bohm criterion).
Only a ‘fraction exp(-eV./kTi¢) of the Boltzmann
distributed plasma electrons of density nj5, at the cathode
sheath edge reach the cathode surface at their thermal
velocity. The expressions for the ion, back-diffusing
electron and T-F emission current densities are therefore:

) T.+Tx 1172
e[ R)T o
) ' —eV, \[ 8kT3¢ 172
Jbde = «%enifle exP( kTgec )[ nm: ] @
Jr-Fr=jt¢B 3)

for a total current density:
 Jtor = jion + JT-F + jode 4)

The equations of [9] were used to calculate the T-F
emission current density j%.r. The values for B, the T-F
emission enhancement factor induced by the presence of
ions close to the cathode, were taken from [10). The
surface electric field strength E, is obtained from the
resolution of the Poisson’s equation over the entire
cathode sheath assuming conservation of energy and
current density for the three types of charge carrier. The
model forms a self-consistent set of equations solvable for
given values of p, T7¢ and V..
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3. Results and Discussion

Values of V. ~7 V and j,, ~ 1.35 x10’ A m? obtained
recently by (2] for a 100 A atmospheric pressure argon arc
on a cold Cu cathode are used to estimate the plasma
parameters within the cathode spots. Fig. 1 shows a
“contour plot of the total current density ji calculated using
the model with V.=7 V. The results show that metallic
plasma pressures exceeding ~12 atm for electron
temperatures at cathode sheath edge ranging from 0.9 to
1.2 eV are needed to account for the estimated current
density. The corresponding cathode spot temperatures
exceed 3400K. Under those conditions, the ratio of the
flux of vaporized atoms to the flux of thermo-field
electrons is ~10; this shows how potentially large can be
the flux of returning ions.
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Fig. 1. Contour plot of the total current density j.. in the
p—T7;¢ plane for V. =7 V.

Fig. 1 also shows that, for a given metallic plasma
pressure, the total current density peaks for T~1 eV,
This value of the electron temperature is a function of the
cathode material; it corresponds to the electron
temperature at which the electron density for a specific
material, and . therefore the ion density, reaches a
maximum value. For this electron temperature, the ion
current ji, the surface electric field strength E;, and the
enhancement factor B all take their maximum values
giving rise to the maximum current; for p =12 atm and T}¢
=1 eV, the surface electric field strength E is ~6.1x10?
Vm! while B is ~1.8. Under these conditions, the
thickness of the cathode sheath is ~2.2x10* m which is
~14 times the Debye length of the metallic plasma.

Fig. 2 shows the evolution with p of the different
contributions to the total current density ju for 7=l eV
and V. =7 V. An overview of Fig. 2 shows clearly that the
ion current is dominant over both electron currents. For
p=12 atm, the ratio jiu /jix is ~0.88 and decreases to ~0.78
for p=15 atm while the ratio jr.¢ /i is ~0.23 for p=12 atm
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and increases to ~0.29 for p=15 atm. For the same
pressure range, the ratio jue/jix decreases from ~-0.11 to
-0.09. The contribution from the retro-diffusing plasma
electrons is relatively small due to the important potential
drop to overcome. One observes here an interesting
feature of thermal arc cold cathode spots: due to the high
metallic plasma pressures, the current distribution among
the main charge carriers (ions and T-F emission electrons)
is inverted when compared to thermionic cathodes (see [3]
for example). '

Finally, this study suggests that the attachment of
thermal arcs on cold cathodes is a high pressure
phenomenon similar to vacuum arc behavior.
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1E+8

3E+7
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1 3 b 7 9 11 13 15
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Fig. 2. Contributions to the total current density jix as a
function of p for T}*=1eV and V. =7 V.
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The electrode vaporization during the electrode
separation in an electrical circuit breaker influences
strongly its interruption capabilities. In order to reduce
the long and expansive testing in developing these
devices, it is necessary to realize a correct simulation of
their behavior. This simulation must include also the
effect of metal vapor presence on the transport
. coefficients of the SF, quenching gas used industrially
in such devices.

Previously, a medium voltage circuit breaker operated
in a 3atm SF¢ gas was experimentally studied with
temporal resolution [1,2]. The electrodes were made out
of copper or a sintered mixture of copper and tungsten.
The copper temperature and density were obtained by
spectroscopic measurements, as the total copper
quantity present in the arc.

These values can be compared with the results of a 2D
hydrodynamic simulation including the electrode
vaporization and the copper effect on transport
coefficients.

The model describes the time evolution of a cylindrical
plasma in local thermodynamic equilibrium between
two cylindrical electrodes. The physical quantities are
functions of time and spatial (radial ‘and axial)
coordinates. The mass, momentum and energy
conservation equations in the laminar approximation for
the plasma and the Fourier equation for the heat
diffusion in the anode are solved by a finite element
method [3]. We did not consider the magnetic force in
the momentum conservation equation, neither the
presence of an externally generated magnetic field
which produces the arc rotation in a real circuit breaker.
To reproduce the experimental conditions, an externally
generated sinusoidal current with a 22 ms period and
48 kA peak value was considered between the
electrodes. The electrical circuit opened 1 ms after the
beginning of the current. The electric field is
represented only by its axial component. The plasma is
heated by Joule dissipation. The model includes also the
anode vaporization by an energy balance equation (at
the anode) and the copper diffusion in the S-F plasma.
We used theoretically calculated mass density, internal
energy, specific heat, viscosity, electrical resistivity and
thermal diffusion coefficient [4,5]. The radiation
transfer was considered by means of two emission and
absorption coefficients depending on local temperature
and composition. The plasma was considered as a gray
body for the whole spectrum.

2-D maps of temperature field in the plasma present a
cooler region near to the anode and a warmer central
region, as obtained experimentally by emission
spectroscopy. This effect is explained by a higher
emission coefficient for an S-F plasma containing
copper particles. The copper localization close to the
electrodes experimentally seen by.time and spectral
resolved photography [1] is well reproduced by this 2-D
simulation, as showed in figures 1 and 2.

1cm

Figure 1 Copper localization in the arc as obtained by
time and spectral resolved photograph (at 6 ms
after the electrode separation)

The copper mass between the electrodes as obtained
from simulation and from experiments is presented in
figures 3 and 4 respectively, The maximum simulated
current density is about 8:10° A/cm? and the simulated
flow velocity is about 100 m/s. ’
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Figure 2 Copper localization in the arc as obtained by
2D hydrodynamic simulation (at 6 ms after the
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The interruption capabilities of an electrical circuit
breaker are much influenced by the electron density.
The electron density depends notably on the presence of
electrode material in the arc. The high current densities
at the instant of contact separation produce a strong
local electrode heating so that an important initial
electrode vaporization appears. After separation, the
electrodes are heated and vaporized principally by the
important radiation emitted by the arc and by the
electron and ion bombardment.

In our experiments, we used a medium voltage circuit
breaker operated in a 3 atm SFg gas [1]. A capacitor
battery was discharged into the circuit breaker
producing a half-period of a quasi-sinusoidal 50 Hz
current with 4800 A peak current. The electrodes were
made out of copper or a sintered mixture of copper and
tungsten.

The arc rotation produced by a permanent magnet as
explained in [1] helped to enhance arc cooling by
thermal transfer with the surrounding gas. This rotation
permits also an electrode cooling between two arc
passages on the same zone.

Fluctuations of the instant of electrode separation
compared to the current, the electrode surface
modifications and the turbulent flows induced by the arc
expansion and rotation caused a random effect of
electrode vaporization from a shot to another.

The plasma parameters were obtained by simultaneous
measurements using time resolved and spatially

integrated emission spectroscopy, time and spectral

resolved photography and electrical measurements [1].
Time and spectral resolved photographs exhibited an
inhomogeneous copper presence in the arc [1]. A strong
emissive copper zone (zone I) appeared near the
electrodes all along the arc evolution. A low emissive
copper zone (zone 2) appeared between the first zone
and the surrounding cold gas and sometimes between
the two electrodes.

The electron densities in these copper dominated

regions were obtained from Stark line broadening and
shift. The 515.32 nm line is the single Cul line for
which correct values of the line-width w, and line shift
44, seem to exist [2]. _

Due to the high electron density, the profiles of several
Cul lines overlap each other, as shown in figure 1.
Using a multi-Lorentz fit procedure, it was found that
the Cul 515.32 nm line profile could not be fitted by
one sole Lorentz curve. In fact the experimental profil
could only be theoretically approached by using a

model with at least two different emitting regions of the
arc contributing to the profile, as suggested by the
photographs. Neglecting the self-absorption effect, the
observed line profile is given by:
he
= At (NuBiy 1)+ N, (1) 80
where N, and n,; are the number of Cu atoms in the
emitting level in the zone i and the electron density
respectively. The Lorentz profile is given by:
: 1

' w; .
B (M=% 2
b (W)= w? + (A=A — AL;)? @
where w; and A4, are éor_related by:
izﬁeiwo ; A7‘;'=££'.‘A7‘o 3

o By
The line fit, the number of copper atoms in the emitting

level and the electron density for each of the two
regions are presented in figure 1 for one shot.
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Nu=3.67¢12
8t
| w=0.09nm
na=7.3e16cm-3
»=0.57Wisr
| Nu=3.07e11
i
6}
i x:g;::;‘nm _ *3=515.84nm
=0, . © Ao+AR w=0.41nm
[ &=1.61W/sr ®=0.46W/sr
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2
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Figure 1 Experimental copper emission spectrum and
its theoretical approach with the two densities
model

The absolute energy calibration was performed with a
tungsten ribbon lamp. We noted that the most important
contribution to the line intensity was given by the
emission of the high density zone.
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Sometimes, in the first 2 ms of the arc life, the
51532nm Cul line presented also an absorption
structure, as shown in figure 2. This effect was
explained by the absorption of the radiation emitted in a
hot central copper zone by the cold surrounding copper
zone (zone 3). Neglecting the self-absorption effect in
the hot region, the line profile was approached by:
he -

@y = AuNuB, (1) “
where N, is the number of Cu atoms in the emitting
level in the zone / and 1, is the optical depth of the
absorption zone 3:

rmm=nrox2f,ua03<x)d3[1— g’”ﬂ]n,a 5)
&uli3

with f;, the oscillator strength, r, the classical electron

radius, g, and g, the statistical weights and #, and #, the

densities of copper atoms in the upper and lower levels.

@1 (W/sr/nm)

1. => ne1=4.0e17cm-3 Nu1_cus153=7.7€12
[ 2. => nes=2.7e16cm-3 nN3_cus15.3*ds=1.8e12cm-2
12} '

14

10f

- ; —
0 et el st e e L e

5135 5140 5145 515.0 5155 516.0 5165 517.C
2 {nm)

Figure 2 Absorption of the copper light emitted in a hot
region by the copper atoms in a cold zone

An iterative fit of the experimental profile including
also the continuum emission yielded N, n,;, n., and

n13d3(1 - glnu:i) = n13d3 .
w3

The electron densities and plasma dimensions imply a
plasma in local thermodynamic equilibrium (LTE).
Thus, temperature in the copper zone / was obtained by
an iterative procedure based on Boltzmann distribution
« using line intensities determined from the low resolution
spectral data. Time evolution of the copper plasma
temperature for the high density copper region (zone /)
was presented in [1].

Because the separation of the contributions of the
different emissive copper zones was impossible with the
low resolution spectrometer the temperature of the
second emission zone could not be determined. It could
only be estimated as follows: if we consider a (SFg),.,

Cu, plasma in LTE at 3 atm and the electron density for
the emission zone 2 and the absorption zone 3 as
obtained from the previous spectra, the copper
concentration can be obtained as function of
temperature. The temperature dependence of the copper
concentration for these electron densities is presented in
figure 3.

c
1.0

0.61

- ne=7.3-10"% cm™
0.4} .

Ng=2.7-10"" cm™

onn;nlnnAnnl.-nul.nnulnnnnlnn:nl; et bbb Lo o bl g e
55 6.0 65 70 75 80 85 90 95 100 105
Temperature (kK)

Figure 3 Copper concentration ¢ in a (SFs)t.c Cuim LTE
at 3 atm for the electron densities in the zones
2and 3

The figure 3 gives the range of possible temperatures
for the emission zone 2 and the absorption zone 3. For
the presented spectra, these temperatures are between
6700 and 10300 K for the emission zone 2 and between
5800 and 8800 K for the absorption zone 3.

Acknowledgments: One of the authors (S.S. Ciobanu)
wishes to thank GREMI and Schneider Electric for their
financial support during his working stage in France.

[1]8.8. Ciobanu, C. Fleurier, D. Hong, C. Fiévet, J.
High. Temp. Chem. Processes, to appear

[2] C. Fleurier, in Spectral Line Shapes, Vol. III, Ed.
R.J. Exton, A. Deepak Publ., Hampton, Va., P. 67, 1987

XX ICPIG ( Toulouse, France ) 17 - 22 July 1997




1I-104

Electrical conductivity of an SF¢ thermal plasma

at low temperature (T< 5 000 K)

B. Chervy, A. Gleizes and P. Krenek*
CPAT, ESA 5002, Université Paul Sabatier, 118 route de Narbonne, F31062 Toulouse cedex 4 France
* Institute of Electrical Engineering, Academy of Sciences, Dolejskova 5, 14200 Praha 8, Czech Republic

1) Introduction

Usually, the electrical conductivity (EC) in thermal
plasmas is considered to be due to the electrons.
Nevertheless, in electro-negative gases such as SFs, the
electrons may be attached to atoms to form negative
ions; in this condition, occuring in SFs plasmas at
atmospheric pressure when the temperature T < 4500 K,
the charged particles are mainly positive and negative
ions, so that the EC depends on these ions. This
phenomenon may be important in special SFs circuit-
breaker arcs where the surrounding SFs gas is heated at
temperature of the order of 2000 K [1]. In this case the

residual EC may strongly influence the arc decay in the -

presence of a fast recovery voltage.

The aim of this communication is to present the
calculation method and the results concerning the SFs
electrical conductivity in the temperature range between
- 1000 and 5 000 K, and for a pressure range between 0.1
and 1.6 MPa. As a first step we shall present the plasma
equilibrium composition; then we will describe the
theoretical bases of the EC calculation and we will give
the main results and the corresponding discussion.

2) Equilibrium composition

This calculation corresponds to an extension of a
previous work [2]. Now we take 32 species into
account: 7 neutral polyatomic molecules (SFs, SFs,
SFs, SF;, SF,, SSF, FSSF), 3 neutral diatomic
molecules (Fz, S2, SF), 2 neutral atoms (S F) 4 atomic
ions (F", S”, F', "), 6 diatomic ions (F;, Sz, SF’, Fa,
S2, SF), 9 polyatomlc ions (SFs", SFs, SFy’, SF:,
SFs, SFs, SFy, SFy, SF,) and the electrons. The
methods of calculation of the internal partition functions
were described in [2]. In figure 1, we have plotted the
evolutions of the relative charged species densities in an
SF¢ plasma at atmospheric pressure. It is important to
note that when T<2 500 K, the dominant positive ion
is not S, (as it was expected in [1] and computed in
[3]) but SF;". This fact will have a great influence on the
behaviour ofthe EC.

3) Bases of the calculation

Following Devoto [4] the electrical conductivity o is
given by:

o= -{%222 nmZD, (1)

Tt

where e is the electron charge, k the Boltzmann
constant, n the total particle number density, p the mass
density. Z;, m; and n; are respectively the charge, the
mass and the number density of particle j, and Dy; is the
ordinary diffusion coefficient between particles i and j.
These diffusion coefficients Dij have been computed with
the third approximation of the Chapman-Enskog
method, using the general expressions given in [4].
They depend on the cross sections of the elastic
collisions between all the particles, through the so-
called effective collision integrals defined by [2]:
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Figure 1: Relative charged particle concentration in an
equilibrium SF, plasma at atmospheric pressure
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where | and s define the order of the collision integral, g
being the relative velocity and Q" the total transport
cross section. The calculation of Q depends on the kind
of interaction:

* electron-neutral interaction: in general we have taken
values of elastic collision cross sections from literature
[2]. For the reactions between electrons and polyatomic
molecules we have used either the polarization method
or the hard sphere approximation.

* Collisions between charged particles: as in [2], we
have adopted a screened Coulomb potential allowing to
treat attractive and repulsive potentials.

* Jon-neutral interaction: purely elastic collisions and
charge transfer have been considered. The methods have
been described in [2]. In addition to this previous work,
we must take into account F-F° charge transfer.
Nevertheless the cross section for this mechanism is not
known. We have then calculated the corresponding
collision integral by the polarization method, but the
influence of this phenomenon on ¢ will be discussed in
the last part.

4) Results

As several collision integrals are not well-known, we
have considered that the best set of data (standard case
for our calculation) corresponds to the following
conditions: : L

* electron-molecule interaction: hard-sphere method;

* F-F charge transfer: values computed with the
polarizability and multiplied by a factor of 10.

In order to check the dependence of the EC on these
collision integrals, the evolutions of o computed for 3
sets of data, versus the temperature T, are plotted in
figure 2. The 3 sets are respectively: the standard case; a
case with the electron-molecule interaction computed
with polarizability; a case with the (F-F') interaction
without the factor of 10. We can observe that this last
mechanism has a very weak influence on the calculation
of 0. The role of the electron-molecule interaction is
higher; by comparing the two tested methods with
experimental cross sections of the literature involving
other molecules (N2, H;, O;, CF4) we have found that
the best approximation for electron-molecule collision is
the hard sphere model.

Our results show that the values of o for T<3 000 K
depend strongly on the ionic species taken into account
in the calculation of the equilibrium composition. If we
consider a limited number of ions (S”, S,", SF”, F~ and
SF) the difference between the two conditions of
calculation, shown in figure 3, is very important when
T<2 500K. In this same figure we have plotted
experimental values indirectly deduced from post-arc
current measurements [1]. These last valaes are in very

good agreement with our results computed by our best
set of data.
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1. Introduction

The calculation of radiative transfer is a time-
consuming step in the numerical modelling of thermal
plasmas. In the hottest regions of thermal plasmas the
radiative energy losses may generally be estimated
using a net emission coefficient previously computed
assuming an isothermal plasma. But this coefficient is
enable to calculate the real absorption of radiation in
the edges of the plasma and/or in the cold gas
surrounding the plasma. The best way to calculate this
absorption seems to use the method of partial
characteristics, proposed by Sevastyanenko [1], but the
previous calculation of these characteristics,
corresponding to source and sink terms of radiation, is
long and complicated (see e.g. {2]). A more classical
method to compute the radiative transfer is based on
the assumption of grey body with one or several
wavelength bands. Within each band a mean absorption
coefficient is defined; it depends only on the
temperature and pressure and not on the wavelength (or
frequency). '

The problem correlated with this method is the
line radiative transfer which is not well treated and may
induce large errors on the computed radiative flux. We
propose here a simple method to compute the mean
absorption coefficient that takes into account the strong
line self-absorption in the plasma. As a consequence
this new mean absorption coefficient depends on the
size of the plasma. We present here results concerning
thermal plasmas in various gases or mixtures of gas
and vapour: air, methane and Ar-Fe.

2. Bases of the calculation

In the spectrum of radiation emitted by a
thermal plasma, the real absorption coefficient may
vary by several orders of magnitude. Thus it is
important to define wavelength bands, where the
absorption coefficient changes slowly. On the other
hand the use of the method in a numerical modelling
needs a small number of bands in order to limit the
computation time. The criteria allowing to define the
limits of the bands are mainly given by the spectral
evolution of the continuum absorption coefficient
showing sudden jumps due to the electronic structure

of the species. These jumps correspond to photon
energy equals to ionisation or dissociation energies.
The chosen band limits for the studied gases or
mixtures are given in tables 1 to 3.

For a given band the mean absorption
coefficient <K' > (K  takes induced emission into
account) corresponds to continuum and line
contributions. For the continuum we have first
calculated the spectral variation of the absorption

coefficient at a given temperature K'c by considering all

the mechanisms leading to the continuum emission:
radiative recombination; bremsstrahlung; attachment.
Details of this calculation were given previously[3].

Then the mean continuum contribution for a
particular band is given by:
V2
K'Vc B,dv
<K (D) >=A— )

where B, is the Planck function,v, andv,are the
boundaries of the band.

band 1 2 3 4 5 6
number :
wave- | 30 [ 41.8 852! 91 106.4 | 1199.1
length | - | .- - - - -
(nm) [41.8]85.2] 91 | 106.4 |1199.1| 4500

Table 1. Band limits for an air plasma.

band number 1 2 3 4 5
wavelength 30 | 448 | 784 156 11199.1
@) |- | - - | - | -
448 | 78.4 ] 156 | 1199.1 | 4500

Table 2. Band limits for an Ar-Fe plasma.

band | 1 2 3 4 5 6 7
number

wave- (30| 92 | 110 | 150} 190 | 330 | 3000
length | -

(nm) 92 110 | 150 {190] 330 | 3000 | 30000

Table 3. Band limits for a methane plasma.
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The contribution <K,> of a non-absorbed

line to the mean absorption coefficient of a given band
is given by the Ladenburg law:

[BoK, (vpav

, B, (vy) ne?
<Kr>=Av _ 0(Vo) meg

- lutu
JBO(V)dV W(AV) moc
Av

@

where Av is the frequency  interval of the
corresponding band and v, the central frequency of

the line emitted from an upper level (n, number
density of this level and f;, the line oscillator strength).

For a self-absorbed line, we consider that only
a part of the line contributes to the mean absorption

coefficient. Thus we multiply the value of <K > given
in (2) by an escape factor A, which value lies between

0 and 1. This escape factor depends on the plasma
geometry. For calculating it we assume an isothermal
plasma with a thickness R; the total mean absorption

coefficient for a given band <K' > is then depending on
this parameter R.

3. Results

We present in figures 1-3 the evolution of the

mean absorption coefficient <K'> versus temperature,
for various bands of the considered plasmas. From
figure 1 we may observe the strong effect of line self-
absorption in air plasma at high temperature
(T>8000K) assuming that all the molecules are
dissociated. '

The effect of presence of a metal vapour is
illustrated in figure 2, especially in the band 4
containing a lot of resonance lines of Fe and Fe'
Finally for methane the mean absorption coefficient
takes into account the molecular absorption at low
temperature (T<5000K) which is due to dissociation
and ionisation [4].

4. Conclusion

We have calculated values of mean absorption
coefficients in various thermal plasmas that allow to
compute the radiative transfer in a rather simple way
but considering a local self-absorption of resonance
lines. In a near future, we will use these data for
radiation transfer calculations and we will compare the
final results with those obtained by other methods.
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Figure 1. Evolution of <K' > in air plasma for various
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---) and 2 bands.
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Figure 2. Evolution of < K > in Ar-Fe plasma for pure
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Ionisation Efficiency in a Pinched Cascaded Arc Channel

K.T.A.L.Burm, W.J. Goedheer’, J.A.M. van def Mullen, and D.C. Schram

Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven
*F.O.M. Institute for Plasma Physics ‘Rijnhuizen’, P.O. Box 1207, 3430 BE Nieuwegein

1 Introduction

In the present study, we will focus on the
improvement of the ion density at the arc
outlet. Efficiency increases are necessary to
obtain effective remote deposition, in which
the plasma source and target area are
decomposed. Remote deposition is easier to
control than non-remote deposition and
therefore preferable. The increase in the
ionisation outflow will be obtained by creating
a nozzle shaped cylindrical arc channel as
sketched in figure 1.

Simulations were used to obtain the results.
The arc plasma expands supersonically into a
‘low pressure vessel. To simulate the existence
of the expansion, a Ma = 0.9 boundary
condition is implemented at the arc outlet.

1: end on viewing window

2: Tungsten-Thorium cathode (3x)
3: cascade plate

4: anode plate

5: nozzle plug

6: gas infet

7: plasma channel

8: cathode housing

Figure la: The cascaded arc: a thermal
plasma at atmospheric pressure is created in a
D.C. arc
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Figure 1b: Generated arc channel grid

2. Cascaded Arec Plasma Source
Characteristics

Table 1 gives the operating characteristics used
in the simulations.

Table 1: Operating parameters of the
simulations

Gas used Argon

Arc current (I,.) 25,40,50,60 and 75 A.

Total gas flow rate 10,20,30,65,100 and 150 sces

Outlet diameter (2*R) | 4 mm

Nozzle diameter 2*r) | 1.5, 2, 2.5, 3,3.5,3.7, 4 mm

Arc channel length 34 mm or 60 mm

3 Ionisation efficiency

Gasdynamic laws were used to understand the
pinch processes in the cascaded arc channel.

- Introducing a nozzle entails that the plasma -
flow is blocked. Slowing down the plasma at
the arc inlet and increasing the electric field at
the nozzle leads to a more efficient arc.

- Using Bernoulli’s law together with mass
conservation, we find that the ionisation rate
decays exponentionally with the flow.

- The ionisation coefficient S, for which the
electron energy distribution is Maxwellian,
distinguishing a bulk temperature T, and a
different tail temperature T,, can be

represented[1] by:
2 .2
Sep~Ty ~E

Considering  the  resistance  between
consecutive arc channel plates in agreement

with Dahiya e.a.[2], we get:
2 2
Sep ~E" ~ Lo

4. Simulations

Stationary ~ two-dimensional ~ Boltzmann
Transport Equations for density, momentum
and energy are solved wusing the
magnetohydrodynamic approximation[3]
(MHD). The - S5-point Strongly Implicit
Procedure (5SIP)[4] is used to solve the
discretised equations. The system of transport
equations is solved numerically, using the
SIMPLE algorithm[5] for the pressure and
flow fields. Due to the model's ability to use
orthogonal curvilinear coordinates[6], we were
able to adjust the geometrical configuration.
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5. Conclusions

e Pinching the arc channel is an easy but
rather not unlimited way of increasing the
ionisation degree at the arc outlet.

e  The typical flow and power dependence of
the ionisation degree was found and
explained.

e The ionisation coefficient S increases
with the square of the electric field. The
flow dependence remains the same at all
currents.

e Simulations indicate that ionisation takes

place dominantly very near the arc inlet.

e  Especially for small nozzle cross-sections,
temperatures (coming closer to LTE) and
electric field intensity increase inside the
nozzle. However, ionisation remains to
take place dominantly near arc inlet.

e The decrease (or 'saturation’) in arc outlet
ionisation degrees for strongly pinched
arcs at low flows is expected to be caused
by diffusion to the wall.
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Diagnostics of a thermal argon - bromine plasma created in a wall-stabilized
cascade arc for determination of atomic structure constants

A Bactawski, A. Golly, 1. Ksiazek, T.Wujec
Opole University, Institute of Physics, 45052 Opole, Oleska 48, Poland

1. Introduction

To determine atomic structure constants like oscillator
strengths (or transition probabilities) of spectral lines
spectra emitted from plasma sources containing the
studied element are commonly recorded. On hand of
measured line intensities and some plasma parameters
the desired atomic structure constants can be derived.
The introduction of source elements in plasma sources
is often difficult. Relatively easy is the introduction of
gases or mixtures of vapours of chemical compounds,
containing the studied clement and a working gas
(together with argon), in thermal plasma sources like
the wall-stabilized cascade arc after Shumaker [1]
(realised in many versions).

2. Experimental set-up

A mixture of argon and bromine vapours was
introduced in the central section of a wall-stabilized
arc, the parts near the electrodes were supplied with
pure argon (Fig.1). In different experiments currents
from 30 to 60 amps were used. The total plasma length
was about 7cm (from C to A), the length of the bromine
plasma 4 cm (from ¢ to g). The amount of bromine
vapours (between 10% to 20 %) was regulated by
adjusting the temperature of a thermostat. The plasma
column was imaged onto the entrance slit of a grating
spectrometer equipped with an optical multichannel
analyzer (OMA 4). Profiles of Arl, Brl and Brll
spectral lines were recorded and global intensities and
halfwidths were calculated.

Fig. 1 Wall- stabilized dc arc applied to creation of a
argon - bromine plasma

3. Plasma diagnostics using the LTE model

3.1 Set of equations linking the plasma parameters
for an argon - bromine mixture

The application of the LTE model permits to establish a
set of equations (1 to 7), which provides plasma
parameters if global intensities of Ar and Br lines (Eqs
5 and 6) and halfwidths of some Stark broadened lines
(Eq. 7) are available from experiment.

p:(ne + Ny + 0y +0p +n§r)-kT )

n,=ny +ng ()
nyn,=n,S, (T) ®)
ngn, =ng Sy (T) 0
[, =0, 1, (T) ©)
Iy, =ng fp (T) (6)
Ahy, =a-n,T° 7
. where
¥

_out (27cka) 2 -k
S(T) = £ | £FmKl 8
M==5 e e ®

E

he 8kAu -

f(T)=—01C Bk7ki  {.¢ kT 9
M= "o »le ®

A serious: problem appears when the length of the
argon plasma (,,1” in eq. 9) must be estimated. Since
the influence of the presence of bromine -in the argon
plasma cannot be neglected, the total length of the
plasma does not correspond to the argon plasma length.
The observed intensity of the Arl line (4300 A) has to
be corrected because the bromine concentration in the
central part of the plasma column ,reduces” the length
of the argon plasma to an ,.effective” value.

3.2 Special methods of temperature determination

The mostly used method for determination of transition
probabilities is based on ratios of line intensities. The
knowledge of plasma component densities is than not
necessary, but the plasma temperature must be known.
Two ways to obtain the plasma temperature will be
presented in this work: :
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a) If values of transition probabilitics for a number of
lines are available — Boltzmann plot (see Eq. 9) may be
drawn and the temperature can be easily derived from
the slope of this plot (Fig. 2).

27

24 + + t +
9 9.5 10 10.5 11 11.5
E,(eV)

Fig. 2 Boltzmann plot obtained from some Brl- lines of
known transition probabilities The temperature derived
from the slope is about 9900 K (= 10%).

b) Another possibility appears if optically thick lines
are observed in the studied plasma. It is known, that
the intensity in line centres of some strongly self-
absorbed lines may attain the value of the Planck
function for the given plasma temperature. This effect
was presumed by Boldt [2] to obtain absolute standard
intensities in the VUV, where lines of this type often
appear (in this case the plasma temperature must be
known). In our earlier work [3] we used the inverse of
this way - we measured the absolute intensity in the line
center of an optically thick Arl line and from the
corresponding value of the Planck function we obtained
the temperature (for this work see Fig. 3) .

1.2x1015 5 . 12800
E RN NS s
L P 12700 &
1.4x1015 3 ) ° 12600 O
. jauop £
1.1x10!s 3 PY e 12300 E
o 12200
E T s e .. 12100 7O
o005 12000 €
E 11800 ==
11800 <=
9.5x1014 [ 1700 @
3 11600 5
11500
11400 %
11300 Q.
11200 £
11100 @
1 [

Intensity (CGS units)

9.0x10 § L]

8.5x10%4 - - T
8114 8115 8116

Wavelength (A)

Fig. 3. Temperature measurement from intensities of
line centres of the selfabsorbed Arl 8115 A line. The
right hand scale permits the estimation of the
temperature from the maximum (and the minimum) of
intensity observed in the figure. The minimum
corresponds to the coldest region in the plasma.

II-111

4. Discussion of results

The matrix of the CCD - detector (256 x1024 pixels)
was divided into 25 tracks and covers a surface about 5
mm x20 mm. The optical system imaged the plasma
column (observed end- on through the electrode) 1:1
onto the detector plate and spectra originating from
different regions of the plasma column were recorded at
the same time. Radial distributions of plasma
parameters were determined. For the given operating
conditions in different regions of the plasma column
temperatures between 9500 K and 13000 K were
observed and electron densities between 10’ cm® and
10" cm™ were found. Applying an iteration method
the effective” length of the argon plasma was
estimated (about 0.8 of the total plasma length). The
electron densities were calculated from Stark
broadening of the Arl 4300 A line. The halfwidth of
this profile depends on the physical conditions in the
plasma column, which is not homogencous, and
reasonable corrections can be made only if the plasma
is observed side-on and Abel inversions are performed.
Thus the determined electron density values are
Laveraged” values only. In further experiments
additionally small quantities of hydrogen will be
introduced in the central part of the plasma column and
the halfwidth of the Hp line will provide more accurate
values of the electron density.

The temperatures obtained for the same region of the
plasma column applying the above mentioned methods
and values resulting from the solution of the set of
equations 1 to 7 do not agree very well. Discrepancies
of about 10% could be found.
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MODELING AND SPECTROSCOPY STUDIES ON A CUTTING
PLASMA TORCH

J.A.Gonzdlez Aguilar, C.Pardo, A .Rodriguez-Yunta and M.A.G.Calder6n

Dpto. De Fisica Aplicada. Universidad de Cantabria.
Av. Los Castros s/n. 39005 Santander. SPAIN

Introduction
Plasma cutting is a widely extended industrial
application of thermal plasmas. However, our

knowledge of the detailed physical effects contributing
to the plasma torch performance is still quite
incomplete. The heat transfer to the anode, the changes
in plasma properties due to the metallic vapors and to
the growing hole in the cut piece, are complex but
interesting phenomena to understand for future
optimizations of torch performance.

1. Experimental study.

In this work we made an experimental study on the
transferred arc of a cutting torch with Zirconium
cathode, using air as shielding gas, and currents in the
range 50 to 150 A. The light emitted by the arc was
analyzed by a spectrometer Jobin-Yvon HR460 with a
CCD camera and a photomultiplier.

In normal operation of the cutting torch, there are
frequent double arcing and instabilities that it makes
difficult to obtain the plasma parameters. An example
of double arcing could be seen in the following figure,
where the metallic elements and Nitrogen atomic lines
show a clear deformation in the left side. This
deformation is stronger for the emission of the Cu line
because the nozzle of the torch is made of copper.

S AT SR SO N
F - &
o n " A u A 2
r [ ] A (] n N
[ A L N
! a ]
o .id
0.1 + N .. O.igrergrr
9 A ;&
! { ©  a
i o i
[ : A Fel (404) .
- oo ig | Cul (521) 4
o; © O NI (744) o I
[UTEE AN I ST IO B R T e o S wer v ncuerawull SR SRS IR |
0.01 | ] i . $
0 1 2 3 4 5 6
x(mm)

Figure 1. Radial profile, at half cathode-anode length,
of emitted intensity for atomic lines of neutral N, Fe,
and Cu, normalized to unity for each species, for an air
arc with a current intensity of 100 A.

By using the experimental data that was taken without
noticeable instabilities or movements of the plasma

column, we delermined temperature, excited level
populations and species concentration distributions
from emission spectroscopy by assuming the validity
of Boltzman law. Electron density was also obtained
from Stark broadening of the Hy atomic line.

Figure 2 shows the obtained relative concentration of
neutrals and ions, at 4 mm from the anode for a total
anode to cathode length of 10 mm and a current of
100 A. As it can be scen the presence of metallic
elements is not important at this distance from the
anode.

The obtained radial temperature distribution, for the
data of figure 2, had a maximum at the arc axis of 13
600 K. At the radial position of 0.7 mm, where the
concentration of neutral and ionized Nitrogen become
of equivalent magnitude, the temperature was of 10 200
K. This result is in disagreement with the standard
temperature dependence of the composition of an air
plasma, calculated from minimization of Gibbs free
energy [2]. We must remember that the concentration
of ionized atoms was obtained from the population of
their excited levels, and it can be heavily overestimated
due to deviations of Boltzman law.

0.5

1 1.5

r (mm)
Figure 2. Radial distribution of relative concentration
for several neutral and ionized atoms, at 4 mm from the
anode, in an air arc transferred over mild steel with a
total length of 10 mm and a current intensity of 100 A.

The temporal evolution of plasma parameters was also
obtained. As the concentration of metallic vapors
increases, the results show a lowering of plasma
temperature and electrical conductance. This effect
reaches different amounts and it has different temporal
behavior for different metal pieces.
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2. Modeling

Numerical modeling of the plasma torch to compare
with the experimental data was also made. The model
is based on cylindrical symmetry and the following
equations for mass conservation:

10 d

ror (rpve) + oz (pv;) 0

radial momentum conservation:

ov, v ov, oP 1 a[ ov )
r_'e A 2 PRI | 220 r
p(v, o r TVa az] or JZBO+r or m or N

190 ov d dv, ov v
= 2m—L {+=—in = Li|l—on—L
+r8r( ™ or ]J’azH or - oz j] nr2

azimuthal momentum conservation:
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axial momentum conservation:
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electric current continuify:

19 o9 d a0
r ar(m arj+ r (ro ar)_o
0 d
I, =—c£— 3 I, =~o—£
and magnetic field equation:

10
;g(TBeFquz

This set of equations was solved by Patankar’s
SIMPLER algorithms.[1] We used theoretical values
for thermal coefficients [2] and emitted radiation power
losses [3] under the assumption of LTE.

The anode domain and anode layer were taken into
account in a simple way. The energy balance at the
anode was made by estimating the plasma heat flux to
the anode and considering the heat conductivity on the
metallic piece to be cut, its vapor pressure for a given
temperature and its latent heat for melting and boiting.

A more complete simulation of the culting process,
including convection on the weld pool, and metal
expulsion by the gas flow, is still under development.

Figure 3 shows the caleulated isotherms using a
101x101 grid, and figure 4 the stream lines in the
plasma, at the beginning of the operation, when the
anode is still flat.

Zz (mm)

r (mm)

Figurev_?. Isotherms ( from 4 kK to 20 kK with a step
of 4 kK ) for a transferred arc with a current intensity of
150A and a cathode-anode length of 10 mm.

0 —

z (mm)

r (mm)

Figure 4. Stream lines in gls for the same parameters
as figure 3.

Comparison of the calculations with experimental
results shows a good agreement for some properties as
temperature. The observed lowering of plasma
temperature, as the cutting is going on, it can be
explained as a combination of changes on the anode
attachment with the increase of radiation emmited by
metallic vapors.

The variation on net plasma resistance is a complex
interaction between changes in plasma temperature,
plasma conductivity, plasma column length and also
the anode attachment.
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DETERMINATION OF THE RADIAL TEMPERATURE DISTRIBUTION OF
PULSED SODIUM ARC DISCHARGES

M. Kettlitz and H. Schopp
Institute of Low Temperature Plasma Physics e.V. Greifswald, Robert-Blum-Str. 8-10, D-17489 Greifswald. Germany

1. Introduction

The energy demand for lighting is tremendous, and
thus the reduction of costs by using more efficient light
sources is an enormous challenge. Therefore research
and development in this field will still be of essential
interest. The application of new materials and
procedures may lead to the development of new light
sources. Some decades ago, light transmitting ceramic
materials introduced a new quality of high-pressure
sodium lamps. Also metal halide lamps made of
ceramic have been available lately. These materials are
highly translucent but have the disadvantage to be not
transparent. That is why spatially resolved
spectroscopic investigations cannot be performed on
such lamps and therefore transparent alkali resistant
discharge tubes, for example sapphire tubes, are
required. Such sapphire tubes are used to investigate
temperature profiles of pulsed sodium discharges.

2. Experiment

A special technique is used to prepare the sodium
discharge tubes of sapphire. The discharge is operated
in a so-called simmer mode that keeps the plasma in
the conducting state by means of a dc discharge which
controls the cold-spot temperature in the discharge tube

PC

—— controller CCD

E—

pulse spectro-

l generator graph
T

storage pulse — optical
power system

) osc. supply Q>

radiation
Na discharge standard

I

de
powef
supply

spectral lamp

M

Fig. 1: Schematic view of the experimental set-up.

and therefore the available alkali vapour pressure. The
stationary dc power is about 50 W. It is superimposed
by nearly rectangular current pulses produced by a
second circuit. They have a duration of 1 ms, current
values from 1 A up to 50 A and a maximum power
input of up to 7 kW is reached. During the pulse
regime, plasma temperature and particle number
densities and hence the optical output are determined
by the puise power.

The spectroscopic measurements are performed during
the pulse current plateau in the visible and infrared
spectral range. The radiation of the discharge passes an
optical mirror system and is imaged to the entrance slit
of a 0.5 m spectrograph. The side-on intensity
distribution is recorded by means of a gated CCD-
system connected to a computer for further processing
of the images. For an absolute radiation calibration a
xenon radiation standard is used.

3. Determination of the temperature

For the determination of the plasma temperatures the
following methods are used:

1. The temperature can be derived from the absolute
intensity of one spectral line, If the degree of ionisation
is low and the vapour pressure is known the line
intensity reads: '

€ =——"—=gdexXp| ——=
Tk kT S P

€, - emission coefficient, A - Planck constant. ¢ -
velocity of light, A - wavelength, T - temperature. g,
Ay, E, - statistical weight, transition probability.
excitation energy of the upper level. & - Boltzmann
constant.

The sodium vapour pressure p can be determined from
the wavelength separation AA between the maxima of
the self-reversed sodium D-lines following de Groot
(il

2. The temperatures are derived from the intensity ratio
of two atomic sodium lines:

€ _ Agh exp( E - E,)
€, A&k kT

The index | refers to the first, 2 to the second line. This
equation offers the possibility to evaluate the
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temperature without knowledge of the number density
of sodium atoms.

3. The temperature is determined from the spectral
radiance L, in the maximum of the seif-reversed Na
818.4/819.5 nm lines. Following Bartels [2], L, is a
sensitive function of the maximum temperature T,
along the line of sight:

Lm = CIX Bl (71111 )

Cg is a constant and taken from de Groot [3]. The
maximum temperature can be derived from the
radiance via the Planck function B,,.

4. Knowing the sodium vapour pressure, the
temperature can also be derived from the
recombination radiation below 408 nm. The emission
coefficient for this radiation can be calculated as a
function of the temperature:

p —ar e
€ oom. =Kg ~— B (T
=K § T x( )

K, - absorption coefficient per atom, & - function
according to [4].

4. Results

The plasma temperatures of the sodium discharges are
determined from the ratio of different Na lines, from
the absolute line intensities, according to Bartels and
from the recombination continuum.

A problem concerning the temperature determination
from the ratio of two lines arises for the alkalis from
their low excitation energies. For the temperature
determination one needs the energy difference of the
upper levels of the involved lines. It is seen, that the
better the accuracy of the temperature determination,
the larger is the energy difference of the upper levels of
the two lines. But with differences of nearly leV for
sodium this accuracy is limited.

Best temperature values are reached for the ratio of the
Na [ lines 615.4/616.1 1o 466.5/466.9 nm or
615.4/616.1 to 497.9/498.3 nm. The problem that the
Na[615.4/616.1 nm are situated on the red wing of the
D-lines was solved by subtracting the background and
leads only to small additional uncertainties. But only
the temperature values for the centre of the arc are
reliable and agree quite good with those of the second
method. Outside the central part of the arc small
deviations in the line intensities lead to large
uncertainties in the shape of the temperature curve. The
error of the temperature depends on the energy
difference of the upper levels of the considered lines.
This leads to an error of 15% at 4000 K for the ratio of
the Na [ 615.4/616.1 to 497.9/498.3 nm lines.
Therefore this method is not preferred for the
determination of the plasma temperature.

For the first and fourth method the pressure has to be
determined. Using the measured wavelength separation
of the maxima of the self-reversed D-lines the pressure
is 0.15 bar. The temperature curves for the lower
currents are derived from the absolute intensities of the
466.5/466.9 nm and also the 497.9/498.3 nm lines.
Both curves agree well at low currents, but as
mentioned above at high currents the Na | 466.5/466.9
nm is no longer optically thin. Therefore the lines at
497.9/498.3 nm are preferred.

So, the temperatures in the discharge axis are between
3000 and 7000 K. Figure 2 shows plasma temperature
curves for lower currents received from absolute line
intensities. With increasing pulse currents there is also
an increase in the temperatures and a change in the
shape of the temperature profiles.

For higher discharge currents the arc is more extended
to the wall and the temperature profiles become flatter.
Because of their higher temperatures and their flatter
profiles the temperature of the arcs with higher
currents could be determined closer to the wall.
Temperatures determined by the third method agree
well with the first method. The fourth method gives a
satisfactory agreement with the other temperature
profiles for higher pulse currents.

1=7.0A
4000 |
s 25A
3500 \
< . ) n=3
O 3000 0.5A
E -\
a(‘—; n=2
Q2500+
£
9
2000 L n=18
1500 : iy L 1
0.0 02 .04 0.6 0.8 1.0
/R

Fig. 2: Plasma temperature for lower currents in
dependence on the reduced radius /Ry,

(11 J. J. de Groot and van J. A. J. M. van Vliet: The
High-Pressure Sodium Lamp (Deventer: Kluwer)
(1986)

[2] H. Bartels, Z. Phys. 127 (1950) 234, 128 (1951)
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[3]J. J. de Groot, Ph. D. thesis (1974)

[4] D. Hofs4B, Z. Phys. A 281 (1977)
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In the last few years we have shown the strong
coupling existing in non-equilibrium plasmas between
the electron energy distribution function (eedf) and the
concentrations of vibrationally and electronically excited

states. These studies were performed for both discharge

and post-discharge conditions.The main result of these

researches is the observation of structures on eedf due to

second kind collisions of the type

No2* +e --> N2 + ¢ @

where N2* denotes a vibrationally or electronically
excited state [1-2]. ,

The extension of these ideas to expanding arc conditions
has never been examined, bacause it is generally
believed that the high ionization degrees present in
these conditions are sufficient to maxwellize eedf
through electron-electron coulomb collisions. Only

recently eedf in expanding arc conditions has been

studied [3]. The role of second kind collisions was in '

effect smoothed by electron-electron and electron-ion
collisions even though memory of second kind
collisions was present in the enhancement of relevant
rates. In this paper we consider N2 plasmas for
conditions typically met in arc expanding flows [4].

We solve a homogeneous Boltzmann equation for eedf

written in the form

on(e,t) _ aJee + aJei
ot de oe )
+1In+ Sup + Ion

where n(€,t) is the number density of electrons at
energy € and time t and the different terms on the right
hand side of eq.1 represent respectively the flux of
electrons along the energy axis driven by elastic,
electron-electron, electron-ion, inelastic, superelastic
and ionization collisions. Explicit terms can be found
elsewhere [1-2]. The inelastic term includes the most
important energy losses processes such as vibration and
electronic excitation as well as ionization (treated as an
inelastic channel). The superelastic terms include the

following processes

N2(v=1-8) + ¢ ---> No(v=0) + e
No(A3Z,h) + e —> No(v=0) + e 3)

N2(B31'Ig) +e-—->Nov=0) + ¢

Concentrations of vibrationally and electronically
excited states as well as the jonization degree O have
been considered as free parameters. In particular figure 1
reports three different éedf calculated according to
different hypothesis. Curve 1 is obtained by considering
concentrations (mole fraction) of electronically excited
molecules in equilibrium at Te=Tg=5000K, while
curves 2 and 3 have been obtained by considering
concentrations exceeding the equilibrium values. In all
the reported cases the vibrational distribution is a
Boltzmann one at Tg=Tv. We can see that the presence
of non equilibrium concentrations of electronically
excited states (curves 2 and 3) strongly enhances the

eedf's tail compared to the equilibrium case (curvel).
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The ionization degree is not sufficient to completely
thermalize the eedf.

Figure 2 reports eedf for other conditions : in particular
we are considering a higher translational temperature as
well as higher concentrations of excited states. Again
the effect of superelastic electronic collisions is well
evident in the tail of eedf.

The main conclusion of the present paper is that in arc
expanding conditions structured eedf's can persist as a
result of second kind collisions. This structure can
enhance by several orders of magnitude some relevant
rates.

The present results must be considered as a first step
toward the understanding of the role of non-equilibrium
eedf under quasi quasi equilibrium conditions. Futuré
work in this direction should couple the Boltzmann
equation for eedf with the kinetics of electronically
excited states and with the fluidynamics to make more
realistic either the concentrations of excited states or the

conditions of the problem.
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Fig.1 Electron energy distribution functions versus
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Introduction.

New type of plasma sources
Thermionic Vacuum Arc (TVA) and Anodic
Vacuum Arc (AVA), generating pure metal
vapor plasma with energetic ions content have
been reported in [1]-[2]. This type of plasma
source has the unique quality to deposit thin
films which are bombarded during their
growing, just with the ions of the depositing
metal. The percentage of the incident ions on
the substrate (from total particles ) depends on
the arc current and its value is between a few
percents and 50%. In TVA discharge, directed

energy of ions can easily exceed 100 eV. The

aim of this paper is to present on which
parameters depends this energy value and how
it can be controlled in order to be able to
choose in advance the energy of the ions
bombarding the growing high purity thin film
or even change it during deposition.

Experimental results.

TVA structure has been described
before. However, for the clarity we are giving
in Fig.1, a very schematic presentation,
containing also the working parameters.

whenelt cylinder

'
crucible \’A/’\‘

material to be evaporated:
¢-angular relative position of (C) and (A)
d-distance from (C) to center of crucible
If- beating current of the cathode (C)
Fig.1.Schematic presentation of TVA

This arc running in vacuum conditions is self
generating the "gas" in which the discharge
takes place. Consequently the meanings of
breakdown and arc voltage drop are different
from those currently used. Indeed, for ignition,
the applied voltage must- generate in vacuum
conditions the metal vapors in the
interelectrodic space. As concerning the arc
voltage drop Uy, the anode voltage fall must
ensure enough emergy imput to anode to
maintain at least the same rate of evaporation

of atoms from the anode as it was at the TVA
ignition. Cathode fall must ensure for each

given conditions, the needed ionization rate
necessary to sustain all charge losses. TVA
works in high vacuum or UHV conditions.At
the application of a high voltage across anode
and heated cathode, due to the electron

bombardment, the anode material first melts

and after starts to boil, ensuring the metal
vapors in the interelectrodic space. At a
convenient value of the applied high voltage a
bright discharge is established in pure metal
vapors and a sudden increase of the current and
decrease of the voltage across electrodes is
observed. This metal vapor plasma is
continuously expanding away from its
source.We measured the energy of ioms at
250mm away from the plasma source, using a
retarding probe energy analyzer. The
unexpected high value of the energy of ions is
due to the elevated potential of the metal vapor
plasma at the source against the grounded
vacuum vessel wall . Indeed, because cathode
is grounded, the plasma source is at a potential
at least equal with cathode fall (in its new
acceptance). In order to prove this, using
derivative of the probe characteristics taken in
various points, we measured from the shift of
these characteristics on voltage scale, the
change of the potential from plasma source
toward the wall. In Fig.2 is shown the
obtained result. :

— (Vir_ANODE POTENTIAL

= 450 »

=

350 =

& 250 =

<

= 150 o)
In(CM

;_ 50 " 1 L " 1 2 ol "/,t

0 5 10 15 20 55

Fig.2.Potential distribution from the plasma
source to the wall.

A continuous decrease of the potential can be
observed,which accelerate the expanding
plasma ions in their way from the source to
the wall. Now we can establish the parameters
and the means to control the energy of ions
assuming that the energy of ions are directly
related to the cathode potential fall.
Unfortunately, this parameter can not be .
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monitored easily. A parameter which can be
displayed easily and continuously is the arc
voltage drop Uj,. which is related to the cathode
fall through the relation:
Ug=U(cathode fall}+ A U(plasma)+ U(anode fall)
The peculiarity of TVA discharge permits to
change at will the cathode fall value. Indeed, if
the supply of electrons from the cathode to the
anode surface is worsened, in order to maintain
the same arc current, a higher cathode fall is
necessary to compensate the decrease of the
flux of electrons. In this way, an increase of
the energy of ions is obtained. Following
means can be used to increase this energy:

- decrease of the cathode heating current If

- increase of the distance d

- increase of the angle &

- increase of the sample distance from source

- decrease of the arc current

The same means can be used to decrease the
energy of ions.

The change of the arc voltage drop U,
with the change of the cathode heating current
is shown in Fig.3 for two values of I  and for
$=60°.In Fig.4 is given the dependence of the
measured energy of ions on cathode heating
current It for ®=85°.For a TVA discharge with
arc current Iz=1.25A and ®=60° we measured
the ratio between energy of ions E; and the arc
voltage drop U, for various U, values obtained
changing If. The results are shown in Fig.5
and we can see, that for a large variation of Uy
values, the energy of ions represents pearly the
same fraction from U,. It results that for a
given arc current I the voltage drop U, can be
used indeed to roughly estimate the energy of

ions. The fraction E;/U, increase with the arc

current value toward 1.
In Fig.6 is shown the change of the arc
voltage drop U, with the change of the cathode

anode distance for ®=0°. More than 200V
increase appears at a change of the distance
from 2.5 mm to 4.7mm.

We measured also an increase of the
energy of ions from 120eV to 200 eV at a
change of angle ® from 60° to 85°.(15=3A).

The increase of the energy of ions with
the distance from the plasma source is obvious
if we consider the curve given in Fig.2.

The volt-ampere characteristic of TVA is close
to a hyperbola - described by Ugxla=const. It
results that arc current is also a parameter
which gives us the possibility to change arc
voltage drop and consequently to control the
energy of ions. This can be done only at low
arc currents. At high arc currents of the order of
20-100A, voltage drop is small and nearly
constant (around 20 volts) and the: energy of
ions can not be changed too much. The
difficuities in controlling the energy of ions

II-119

are: 1.- d and & can not be changed easily
during deposition; 2.-lowering of the cathode
temperature decrease the life-time of the
cathode; 3.-at low arc currents the deposition
ratedecrease.
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Fig.3.Arc voltage drop dependence on cathode
heating current.

Fig.4.Dependence of the energy of ions on
cathode heating current.

Fig.5.lons energy to arc voltage drop ratio
versus arc voltage drop for Iz=1.25A
Fig.6.Displacement of arc voltage dropUga arc-
current [; atinterelectrodic distance change.
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Introduction

In recent years, thermal plasma processes have
been proposed and used for the destruction of hazardous
wastes. The decomposion of toxic wastes (such
medical wastes) is of growing importance in connection
with environmental polution. This paper presents the
first results obtained in the study of a DC plasma torch,
with the object of the construction of an hazardous
waste treatment facility located in Mexico. This work is
a collaboration between the ININ laboratory (Mexico)
for the experimental part, and the CPAT (Toulouse
University) for the elaboration and the perfecting of a
theoretical model describing the behaviour of the plasma
torch in a first stage and the furnace in a second stage.

Experimental

Experimental set-up .

The first investigations were carried out with a
scale model of cylindrical furnace (20 cm diameter)
running in argon and in nitrogen at atmospheric
pressure. The torch is a classical model with a thoriated
tungsten cathode and an anode of copper. At this time,
the current intensity is limited to 200 A. Our results
have been obtained with an intensity of 75 A. The
temperature profiles have been determined using
absolute intensity of neutral argon lines, and assuming
the existence of local thermodynamic equilibrium. Abel
transformation allowed us to obtain local values of the
line intensities. Calibration was performed with a
tungsten ribbon lamp. The influence of gas flow rate on
the temperature of Ar plasma and Ar-N) plasma was
studied for different distances from the nozzle exit z .

Experimental results

The figure 1 gives the variations of the radial
temperature for a gas flow rate of 34.5 l/mn
(corresponding to 1.026 g/s) in pure argon and for four
values of the distance z from the nozzle exit. With a
current intensity of 75A, the temperature maximum on
the axis of the discharge is 11400K at the nozzle exit
(z=0).

12000

—_— 70

—¥—  z=2mm
——  Z=4mm
11000 z=6mm

T (K)

10000

9000 } D=34.51/mn
| I=75A

2
r{(mm)
Figure 1 ]

Other experiments with a gas flow rate of 241/mn
(corresponding to' 0.7g/s) and the same value of the

current intensity have been realized.
12000
~=-=D=3551/mn
11000 [ —— D= 2l/ma
g |
)
10000
9000 3
8000 " 1 2 L A ]
0 1 2 "3 4
r(mm)
Figure 2

The figure 2 presents experimental values of T(r) for
these two values of the mass flow rate D=34 and 24
NVmn and two distances from the exit z=0 and z=4mm.
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The increase of gas flow rate constricts the plasma jet
and the temperatures far from the axis are lower with an
higher value of the mass flow rate. At the nozzle exit
(z=0) an augmentation of the mass flow rate does not
lead to an increase of the axis temperature.

The introduction in argon of a weak percentage of
nitrogen modifies the values of temperature and arc
voltage. The figure 3 gives the temperature profiles for
three values of z, with a gas mixture composed of 5%
N2 and 95% Ar (I=75A).

T(z=0)75A
T(z=2)75A
T(2=4)75A

L 5% N2-95% Ar
I=75A
7000 . 1 .

0 1 2
r(mm)

Figure 3

On the axis, the temperature for z=0 decreases of 1800K
in comparison with pure argon. For a same gas flow
rate, the decrease in T along a radius is faster with the
gas mixture. We observed a clear decrease in arc voltage
with the introduction of nitrogen in argon. With a same
current intensity this effect leads to a decrease of the
electric power injected in the discharge with a
repercussion on the enthalpy of the plasma.

Modelling

Assumptions and governing equations

The governing equations are written in an
axisymmetric system of coordinates and the operation
of the torch is assumed to be in steady state with
negligible gravity effects. The plasma is assumed to be
in local thermodynamic equilibrium (LTE) and the
radiation effects are considered through the net
emission coefficient. This model was previously
described by Bauchire et alt [1]. The mathematical 2D
model is limited to the free jet region and uses the
'SIMPLE method after Patankar [2]. So, at the inlet
(the nozzle exit) the temperature and the axial
component of the velocity are given by:

u(r) =u, (1 - -;_(-)

T(r)=73(1—%) +T,

II-121

where ug and T are the maximum experimental values
of the axis temperature (at the exit). Ty is the value of
the temperature on the edge of the anode (n=2). So for
the comparison with the experimental results, we only
give a geometrical parameter : the nozzle diameter and
the values of ug, Ty and Ty,. On figure 4 we compare
the experimental results obtained in an argon plasma at
atmospheric pressure. The inlet gas flow rate is D=24
Nl/mn and. the current intensity is equal to 75A. The
temperature values are given along the axis (r=0). One
can observe a good agreement especially in the hotter
region of the plasma (z<lcm). Other results on the
influence of Ar-N7 mixtures and on the influence of the
mass flow rate and current intensity will be presented
during the conference.

13000

I I=75A, D=241/mn
12000
¥ 11000
f i
10000
9000

8000 i 1 1 1 1 1 L 1 1

00 02 04 06 08 1,0
Z (cm)
Figure 4

Conclusion

The first work of this program gave good
results, particularly on the agreement between
experiments and theoretical results. However,
incineration leads to production of dusts and ashes
necessitating the presence in the furnace of a second
torch for the treatment of these products. The realization
of this furnace and the adaptation of the theoretical
model are currently under way.
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Abstract: The plasma near the cathode tip of an electric arc, shows radial dependence of its physical
equilibrium state. In the hot core, the plasma is in the local thermodynamic equilibrium (LTE) state.
Toward outer zones, the plasma state deviate from the LTE equilibrium. In our opinion, it is caused after
all by the Arl ground state overpopulation. Results of our experiments support this conclusion.
Theoretical estimations of the Arl ground state overpopulation give results consistent with experiment.
Calculations show, that this overpopulation is caused by inward transport of ground state atoms into the

plasma column.

I- Introduction

For last few years, the near cathode zone of an
electric arc has been intensively studied. It has been
observed in several experiments, that the off axis
maximum value of the neutral atom line total intensity,
depends on the distance from the cathode [e.g., in argon
arc: 1,2, 3,4, 5, 6,7, and in nitrogen arc: 8, 9].

In our previous publication [2, 3, 7], we presented
results of spectroscopic diagnostic performed for an
argon arc plasma burned at atmospheric pressure with
the arc current of 200A where these phenomena were
observed.

Formally two reasons are possible to explain this
phenomena: the plasma equilibrium state depends on
the distance from the cathode or pressure gradients exist
in this plasma zone. To find an answer on the question
which mechanism plays dominant role in phenomenon
described above, we performed plasma model
calculations.

II- Experimental results
Several slices at the distance 4 from the cathode of

the electric arc have been spectroscopicaly investigated.
Plasma was observed side-on, argon line profiles and
continuous emission have been measured at various
chordal positions to perform Abel’s inversion. Plasma
diagnostic has been performed using various methods
applied to Arl, Arll and Arlll lines. From our extended
analysis [7], one can conclude that:

- there is good agreement between the temperatures
determined from the Boltzmann plot and Larenz-
Fowler-Milne (L-F-M) method applied to 480.6nm
Arll line, but not with temperature derived from the
L-F-M method applied to the 696.5nm ArlI line.

- population distribution of Arll excited levels was in
the Boltzmann-Saha equilibrium for 7>18000K.

- very close to the cathode surface, the plasma
temperature reach ~29500K. This temperature is
higher than obtained from isotherms maps
calculated in the frame of magneto-hydrodynamic
models, for similar plasmas.

- there is good agreement between the radial free

electron density distribution, obtained from the Stark

width of the 397.9nm Arll line, and that calculated
- from the LTE equation set (with temperature derived
from the Boltzmann plot). This is a supplementary
proof of existence of the Boltzmann-Saha
equilibrium in the Arll levels population for
T=218000K
Continuum radiation for the temperatures below
~16000K deviate from the LTE isobar in the Olsen-
Richter (O-R) graph, in the same manner as
experimental data for Arl-Arll lines. Disagreement
observed for temperatures above ~19000K, seems to
be a result of underestimation of the Bibermann &
factor for Arlll recombination radiation (the
contribution of Arlll ions to continuum radiation
intensity is as important as Arll ions contribution -
See [7] and [10]). This hypothesis is supported by
good agreement between electron density derived
from the Arll lines intensity ratio measurement (the
Boltzmann plot) and electron density obtained from
line broadening measurements.

The arc plasma near the cathode tip shows radial
dependence of the physical equilibrium state. In the hot
core {T>17000), close to the arc axis, the plasma is in
the LTE state. In the outer zones, the plasma state
deviate from the LTE state at p=1atm.

For plasma column layers (slices) closer to the
cathode tip, deviation from the LTE state begins at
smaller distance from the axis and for higher
temperature, even if the electron density is greater than
1.5x10%m™, Deviation from the LTE state for p=latm
decreases with- the distance from the cathode and
practically vanishes for #>3mm.

III- Model calculations

A deviation from the LTE state may be described
only in a frame of the collisional-radiative model. One
has to solve the equation set describing populations of
neutral argon states, up to the ionisation limit lowered
by interaction of atoms with the plasma. In the case of
the argon plasma at atmospheric pressure, the transport
of radiation may be described locally, using so called
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escape coefficients. Furthermore, real population
density n, of atoms in the g state is written in the form
n=(1+3,). nqs, where 8, describe overpopulation of the ¢
state and nq is the den51ty in the atomic ¢ state when
the Saha equilibrium exists between the ¢ and ionic
ground state. We also introduce a transport term W,

To estimate the overpopulation, we assumed,
according Rosado [11], that the argon energy levels
system can be represented by four effective levels, the
first one (g=1) being the Arl ground level.

To estimate the influence of the ground state atoms
inward transport on the overpopulation coefficients &,
we have calculated them for different plasma
temperatures 7, for various values of transport term .
Velocity and temperature distribution values for the
estimations of W, were taken after Lowke [12]. Atom
density distributions were calculated for these
temperatures, with overpopulation factors included.
Then, overpopulation factors for excited states (g>1)
remam negligible in comparison to 8, for W, as high as
10%-10’s". Furthermore, influence of the transport of
atoms in excited states is negligibly small. The
dominant effect is the Arl ground state overpopulation,
due to the ground state atoms transport term W,, which
stays several order of magnitude higher than that
created by ambipolar diffusion.

100—_::'_.

107

: ; (\)
1024 : N -
1 S .

Figure 1: O-R for various physical plasma states
Plasma layers [in mm]: V 0.085, 0.51,01.1,A2.1,0 45
o temperature marks with 2000 K increment;

- - - LTE isobars for p=0.6 to 1.2atm [step: 0.2atm];
— PLTE isobars at p=1atm with overpopulation factor §,
for Arl ground state equal to 1.0, 2.0 and 3.0 [up to down]

In the experimental O-R graph [Cf. Fig.1], one may
see, that departure from the equilibrium state exists in
external plasma zones, for temperatures smaller than
17000K. One may also see that the overpopulation §;
qualitatively explains the behaviour of Arl lines.

We have calculated W, and 8, for some points of the
plasma temperature and velocity distribution
determined by Lowke [12]. Then, for example, for

=0.lmm and 7=15000K, we obtained’ W, values as
high as -5x10°s™", which produce the ground state
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overpopulation 8,=5. This value ,locates” the
corresponding point in the O-R diagram on the LTE
isobar p=0.5atm and gives electron density 42% lower
than the LTE value.

More detailed comparison of the theoretical
estimation can be made. Particularly, the overpopulation
8, for the isoterm 7=15000K (determined for each slice
using O-R graph for Arl-Arll pair) can be traced as a
function of the distance from the cathode tip. Then,
although overpopulation 8, seems underestimated in the
model, it qualitatively explains the behaviour of neutral
argon lines. Differences between measurements and the
model could be attributed to following reasons:
simplification in the magneto-hydrodynamical model
(based on invalid LTE hypothesis), uncertainties in rate
coefficient in collisional-radiative model...

IV- Conclusion

Deviation from the LTE state for p=latm can be
caused by an overpopulation of the Arl ground state,
that may be quite high. The dominating impact on the
Arl ground state overpopulation is the inward transport
of the ground state atoms.

However, it must be pointed out, that from
experimental results of emission spectroscopy, it is not
possible to decide which mechanism plays dominate
role in this phenomenon: it is worth to notice, that
formally, an assumption concerning existence of the
pressure lowering in the plasma, permits also to obtain
consistent results from different diagnostic methods in a
mathematically simpler way [2, 3].

In the actual situation, works which would join the
magneto-hydrodynamic  and  collisional-radiative
models should be undertaken. Such a model should be
made for Arll, but for this many cross sections
concerning Arll should be measured or calculated.

We thanks Prof. Lowke for sending us results of his
model calculations.
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1. Introduction

Three phase AC plasma technologies are particularly
suitable for high power & large volume plasma
systems.

This study makes part of the characterisation of a
plasma reactor for carbon black production located in
Odeillo, France {1][2][3].

The knowledge of temperature and velocity fields is of
main importance for an efficient control of the process.
Due to their specific geometry, three phase AC plasma
technologies are characterised by a mutual
electromagnetic influence of the arcs and consequently
by a very typical arc motion which governs the general
hydrodynamic flow.

A simplified model of the electromagnetic forces taking
place on the arcs is proposed. This model proves to be
in good agreement with high-speed cine-camera films.
In order to take into account the evaluated Lorentz
forces, the boundary condition of the plasma inlet
velocity has been modified in an hydrodynamic model
of the reactor. With this condition, the results of the
numerical simulation are in good agreement with
calorimetric ~ measurements and  surface  wall
temperatures.

2. Evaluation of the Lorentz forces

The objective of this evaluation is to develop a
simplified approach allowing to take into account the
electromagnetic forces on the flow in the reactor
without solving the 3D time-dependent magneto-
hydrodynamic equations which would be extremely
high computer time consuming.

2.1. Nature of the arcs

. From an hydrodynamic point of view, an arc can have
two different behaviors. It can be penetrated by a
transversal flow or it can behave almost like a moving
solid body [4]. The transition between these two
behaviours corresponds to the transition of the
parameter [, ratio between the magnetic and the
viscous forces. Using visual evaluations of the
geometric characteristics of the arcs, B proves to be

** IMP-CNRS

B.P.5

Avenue Felix Trombe
F-66120 FONT ROMEU
FRANCE

large enough in our reactor so that arcs can be
approximated as moving conducting solid bodies.

2.2. Hypothesis

Here are the main hypothesis used in our calculation :

« the currents in the three electrodes are sinusoidal
with a phase shift of 120°, which is in good
agreement with our oscilloscopic measurements,

« the arcs are linear and stay on the electrodes' axis as
in Figure 1.

electrode 2

* reactor axis

Figure 1 : Simplified geometry of the arcs used for the
calculation of the induced Lorentz forces in the
reference (O;i,j,k)

2.3. Calculation of the magnetic force

According to the previous hypothesis, the instantaneous
current i, in the arc from electrode n (n € {1;2;3}) is:

1
i, ()= 1cos(wt-(n—1)331) &

where 1 is the maximum current and @ is the pulsation
of the current.
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Using the classical formulas for the magnetic field
induced by a linear shape circuit, the Lorentz force
induced by the arcs and the electrodes at a point P, of
the arc n is given by :

= po I 3 R _dr @
F(Pn,t)=—-Z;ﬂR2 .ESlna.pfémaF

- cos(mt —(n- 1)%—)sin(mt —(h- I)ZTEJ

cosz(w t—(n- 1)_2575)(;052 a

cosz((ot —(n— I)ZTEJSin o.cos o

where, o : angle between an ele;ctrode and the axis of
the reactor,

o : magnetic permeability of vacuum,

p : curvilinear abscissa of P, along the electrode n, p=0
in O.

R, : radius of the arc

This force is centrifugal with a 2w pulsation and is
maximum in the vicinity of point O.

This result is relevant with a similar calculation on a
slightly different geometry used in electrometallurgy

[51.
2.4. Comparisons with experiments

Several high-speed cine-camera films (7000 FPS) have
been made of the arc zone from the opened bottomn of
the reactor. Argon and nitrogen were used as plasma
gas. ,

In the argon case, the simplified theory gives a good
approximation of the forces applying on the arcs. The
force given in (2) tends to blow the arcs outward as
seen on the pictures. All sequences of pictures show arc
shapes in agreement with the evolution of forces on
each arc as illustrated on Figure 2.

EXPERIMENT

Figure 2. : Distribution of currents at electrodes and
resulting Lorentz forces (left) with the corresponding
picture from the high-speed cine-camera film (right).

1I-125

In the nitrogen case, the arc movements are much more
erratic and the interpretation is not completed yet.

3. Hydrodynamic model

The main characteristics of the hydrodynamic model of
the reactor are given elsewhere [1][2]. In order to take
into account the influence of the Lorentz force which
cannot be neglected in the arc zone, the inlet velocity
boundary condition of plasma gas has been changed.
This kind of modification had already been suggested
for three-phase AC metallurgical furnaces [6].

The best results of our computational laminar model
were obtained with a 45° angle between the plasma gas
velocity direction and the vertical axis, outwards. The
distribution of calorimetric loss measured from the
cooling system was less than 5% different in each part,
compared with the numerical results. The wall
temperature deduced from pyrometric measurements
were also in good agreement.

4. Conclusions

A simplified theory to estimate the induced Lorentz
forces in a three-phase AC reactor proved to be in good
agreement with high-speed cine-camera pictures. In
order to include the influence of these forces on the
hydrodynamic flow, the plasma gas inlet velocity has
been modified and the results of the simulation were in
good agreement with experimental measurements.
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1.Introduction

Among the numerous processes allowing the
production of fullerenes, the process based on the
electric arc actually seems the most efficient technique
for the quantitative production of this molecule /1//2/.
By this technique the carbon vaporisation is obtained by
erosion of the graphite anode and the produced
fullerenes are mixed with soots which sefteled on the
cooled wall. In order to optimize this process by
correlating the arc properties with fullerenes formation,
it appears in a first time essential to choose arcing
conditions allowing reliable spectroscopic
measurements.

2.Experimental set up

The arc chamber, a hollow cylinder of 30 cm diameter
and 1 m height is presented in figure 1. It has two
windows to observe the arc. The two graphite
electrodes of 6 mm diameter are located vertically in
the centre of the arc chamber. The anode is in.the upper
position. Modification of the distance between the two
electrodes and striking of the arc by contact was made
possible from outside the chamber by means of a system
allowing independent moving of the electrodes.
Furthermore it is essential to control and maintain the
gap length constant during the experiment. For that
purpose, the image of the arc was projected on a
photodiodes array coupled with a P.C. type micro-
computer which drives the adjustement of the anode
and cathode positions by independent motors.

The light emitted by the plasma was focused onto the
entrance slit of a monochromator with a focal length of
Im and 1200 grooves/mm grating. On the outlet focal
plane was placed a CCD array allowing analysis of
plasma radiation. Radial exploration of the arc was
made possible by means of a mirror enabling
displacement in two directions. The whole
spectroscopic analysis set up was driven by a PC micro
computer. Electrical power was supplied by three DC
sources of 100V and 100A each. Our working
conditions were: 80A current intensity, lmm and 4mm

arc lengths and helium ambient gas at pressure of
13KkPa.

Figure 1: Block diagram of the experimental set up

3.Methods

Two emission spectroscopic methods based on the
Swan band recording and assuming local
thermodynamic equilibrium ( L.T.E. ) were carried out
to determine the plasma temperature. The first one is
based on the comparison of the experimental and the
simulated Swan C,(0,0) rotational system spectra band
as developed by Budo /3/. The second one, in the region
where the temperature is greater than 4500K, we have
applied the Fowler-Milne method to the C; Swan band.
Indeed, if the plasma is in LTE, the variation of the
total intensity of a molecular band with temperature, at
constant pressure, always presents a peak. The position
of the peak, constant for a pure gas or a given mixture
of gases, allows the isotherm (T=Tm) characteristic of
the band in question to be deduced. In order for this
technique to be applicable, the axis temperature must
be greater than Tm: in the case of the Swan band
studied in He-C plasma mixtures, this implies
temperatures greater than 4500K. Moreover, the use of
this method presents the advamtage of obviating the
requirement for calibration, in absolute values of the
Swan band intensity.

Multiple measurements of the radial profiles of the arc
were made under identical conditions. Statistical
processing of the results was performed to increase
their accuracy.

4.Results

The temperature profiles were strongly dependent on
the experimental conditions and especially on the
anode erosion rate. In figure 2 we report the recorded
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anode and cathode displacement velocities during
experimental acquisition time. One can mention that
about 30% of the vaporized carbon due to the anode
erosion deposit on the cathode surface, that explains the
displacement in the same direction of the two
electrodes as shown in figure 2. Different phases
relative to the erosion of the anode were observed
experimentally. Immediately after the arc s
established, one can notice the existence of a phase
which lasts about 8 minutes corresponding to a strong
and relative uniform erosion of the anode and thus an
important carbon vapour emission. The measured mean
values of the anode erosion rate during this first phase
are about 0.45g/mn and 0.15g/mn respectively for Imm
and 4mm arc lengths as shown in figure 3. The durable
stability of the discharge relative to this first phase
allowed us to develop emission spectroscopy methods.
We have reported in figure 4 the temperature profiles at
different positions z from the anode and for lmm and
4mm electrodes gap. At z=0.5mm and 1lmm from the
anode and for 4mm arc length, both methods were
used ; the two series of results relative to these cases
gave a satisfactory agreement. The maximum value of
the temperature on the axis does not exceed 5500K that
confirms the cathode state slightly damaged during arc
operating. :
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Figure3: Anode erosion rate for two arc lemgths and 80A
current intensity.
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Figure 4 : Temperature profiles.

5.Conclusion

The main difficulty in this study is the very fast
evolution of the anode erosion. Thus, it was essential to
perfect an experimental set up allowing to perform
reliable spectroscopy measurements with a typical
fullerenes reactor. The obtained experimental results
concerning the plasma characteristics were consistent.
The results we have obtained recently relative to the -
plasma temperature measurements by using the
absolute intensities of the 247.8nm and 909.4nm CI
neutral carbon lines seem to indicate an existence of
departures from LTE. We intend in one hand to
confirm these results and in the other hand to work
with higher current intensities since the production of
fullerenes was relatively weak (about 5%). Moreover,
measurements of carbon concentrations fields will be
the goal of the future work.
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Introduction:

Application of plasma discharges operated at higher
frequencies is of increasing interest for a number of
plasma arrangements and procedures. It is beneficial to
use advanced power electronics for discharge feeding
utilizing dynamic current stabilization on IGBT basis.
This allows to keep the commutation phases in the area
of zero current much shorter than at sinusoidal current of
medium frequency discharge. Therefore, the impact of
the de-ionization time behaviour of the arc plasma on
commutation will be reduced, thus allowing the operation
of a stable electric arc even in plasma torches, subjected
to a gas flow, without additional reignition aids. This
paper describes some results obtained with regard to the
impact of electric and plasma-technological parameters
on the stability and changed performance parameters of
the electric arc.

Methods:

Free burning electric arcs and plasma arcs in a plasma
torch are fed by a current source with downstream
inverter circuit whose control frequency is variable
between 2 and 27 kHz. Commutation time is
approximately 2ps. Current rise velocities of 150A/ps
are obtained. Fig. 1 shows the curve of the instantaneous
value of current and voltage at the electric arc. Fig. 2
shows the arc power and di/dt values of the arc current.
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Fig. 1: Arc voltage uy(t) and current iy(t) of a free
burning arc under Ar (distance of electrodes dg=5cm,
electrodes of graphite, I,,=130A)

The parameters were obtained by minimizing parasitic

impedances and a specific inverter control. The power

P(t) (Fig. 2) and the dynamic arc resistance ry(t) (Fig. 3)

have been computationally corrected for the impact of a

fiarasitic residual inductance of approximately 0.17pH
]

Power pulses which are clearly to be recognized are due
to the characteristics of the power electronic circuit
rather than any changed arc discharge behaviour in the
vicinity of zero current (see ry(t) in Fig. 3).
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Fig. 2: Arc power p(t) and current rise velocity
di/dt(t) of am arc according to Fig, 1

Comparative studies of the operational behaviour of an
arc torch for free-burning arcs and a plasma torch set-up

1.00 1) impedacj z(t)
2) ry(t)=cortected;
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Fig. 3: Arc impedance z(t) und arc resistance r,(t) in
the vicinity of zero current Fig, 1

subjected to a gas flow (rod-shaped cathode rxy = 2.5mm,
hollow anode Cu ry = 6 mm, 1, = 62mm) aim to clearly
show different properties and behaviours.

Results: :

As expected, the investigations made on the free-burning
arc under various inert gases (Ar; N,; H,) with 10 to 50
mm spacing between graphite electrodes show a tendency
of the r.m.s. values of the arc voltage under Ar to
increase with increasing frequency (Fig. 4). This
tendency was not found for molecular gases. Based on a
comparative calculation on the basis of common electric
conductances for argon arcs at the applied operating
frequencies of up to 23 kHz and relevant harmonics (5th
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harmonic still involved with 20% of the fundamental
wave), the skin effect is not the main reason for the

increase in the r.m.s. value of the arc voltage.
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Fig. 4: Arc voltage dependence on frequency
(Ar: 400Vh; Lem=130 A; parameter spacing between

electrodes)

Considerable scattering of the values is primarily due to
the much higher mobility of m.f, arcs compared with d.c.
arcs. However, as the actual arc length cannot be
quantified it does not make much sense to derive from
these results a field strength characteristic.

The changed operating properties of m.f arcs can be
more clearly demonstrated in operating the plasma torch
than the free-burning torch.
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Fig. §: Voltage characteristic of a plasma torch (rod-
shaped tungsten electrode rw=2,5 mm; copper hollow
electrode r,=3 mm; 15,=53 mm) 1); 2) dc-current; 3) mf-
current

With all the other conditions comparable, the supply
voltage of the arc when using alter-nating current of
medium frequency (r.m.s. values) is considerably higher
than when using direct current (arithmetic mean), (Fig.
5). This cannot be substantiated by the polarity effect on
tungsten and copper electrodes alone (curves 1) and 2)).
Caused by the temporary lack of the magnetic pinch
during the commutation process the arc motion
behaviour in the area of the hollow electrode is clearly
pronounced even at small gas flow rates. This occurred
in all gases subjected to investigation and it was
particularly obvious in the case of nitrogen (Fig. 6). The
control frequency was several times higher than the
shunting frequency thus allowing an existing root of the
arc to detach in current-free phases. ‘

An analysis of the instantaneous value behaviour of a
reduced current plasma arc under Ar (Fig. 7) shows a

tendency to reignition delays depending on polarity and
gas flow rate.
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Fig. 6: Amount absolute of arc voltage of a m.f.-
plasma arc under N;

=90 A; Upn=42 V; V y; =180 I/h)

These delays may disturb stationary operation (zone A).

They are caused by effects in the vicinity of the

electrodes. This behaviour may be reduced by changing

the available supply voltage.
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Fig. 7: Reignition behavior of a reduced current
plasma arc during the positive potential on the
tungsten rod-shaped electrode

(Lws=60 A; V A =400 U/h)

Conclusions:

Electric arcs and plasma arcs subjected to a gas flow can
be operated at m.f. power supply. Caused by the
commutation process, short-time current interruptions
occur between half periods. Compared with d.c.
operation, this approach allows to obtain beneficial
changes in operational performance.

Even at low gas flows rates, improved mobility of the
discharge channel resuits in a more intensive motion
behaviour of the root of the arc in hollow electrodes and a
tendency to better arc performances.” Compared with d.c.
operation, the considerable polarity effect and reignition
delays, occurring at arc root areas subjected to a gas flow,
point to the necessity of modifying the plasmatron
design.

References:

[1] Scheibe, H.-J.; Musikowski, D.; Hess, U: Workshop
Computeranw. in d. Elektrowarmet, TU Ilmenauy,
11.0kt. 1996.

XXTI ICPIG ( Toulouse, France ) 17 - 22 July 1997




II-130

RF-excitation of Cu ion laser transitions in He(Ne)-CuBr discharge

M.Grozeva, I. Schulze’, D.Teuner’, P.Telbizov, T.Petrov, N.Sabotinov, J.Mizeraczyk™, J.Mentel’

Institute of Solid State Physics, Bulgarian Academy of Sciences, 72 Tzarigradsko 'Chaussee,17 84 Sofia, Bulgaria
*Department of Electrotechnical Engineering, Ruhr-University, Universitatsstr. 150, D-44780 Bochum, Germany
**Institute of Fluid Flow Machinery, Polish Academy of Sciences, Fiszera 14, PL-80952 Gdansk, Poland

1. Introduction

For the first time RF excited Cu ion laser was reported
by Mikhalevskii et al. who obtained lasing at pulsed
mode of excitation (100 ps, 1 kHz) on three Cu ion
lines in a transverse He-Cu" discharge [1]. The copper
atoms in the discharge were produced by RF sputtering
of the internal copper electrode at excitation RF power
of 2 kW (100 W/cm). Such high power was necessary
mainly to produce the required copper atom density in
the discharge.

An alternative method for producing free copper atoms
is to seed the discharge with a copper halide. The use of
volatile metal compounds as a source of metal vapor
was successfully applied in the case of the CuBr atomic
laser [2]. Later CW oscillation on Cu ion transitions in a
hollow cathode (HC) discharge seeded with different
copper halides was demonstrated [3]. Using copper
halides instead of the elemental copper reduced the
threshold current for lasing by a factor of 2+3 over
those obtained for the sputtering HC discharge Cu" laser
[4].

We applied the same technique to develop a RF-excited
Cu" laser, using CuBr as a source of Cu atoms. The aim
of the reported investigations was to study the
possibilities for Cu’ lines excitation in a RF-excited
He(Ne)-CuBr discharge and to obtain laser oscillation at
a lower input power than in the case of the sputtering
RF-excited Cu’ laser [1]. The emission spectra of He-
CuBr and Ne-CuBr discharges were investigated. Laser
oscillation on Cu" transition in the near IR spectral
region was obtained in He-CuBr discharge at pulsed and
CW RF excitation. Laser gain on UV Cu’ lines was
observed in Ne-CuBr discharge. '

2. Spectroscopic study

To determine the discharge conditions at which efficient
excitation of the Cu' lines is attained we investigated
the emission spectrum of RF-excited He and Ne
discharges seeded with CuBr.

The experimental discharge tube (Fig. 1) was made of

fused silica. The active part of the tube had 8 mm inner
diameter and was 10 cm in length. At the middle of the

discharge zone a fused silica reservoir with CuBr was
connected. Distilled in vacuum 98% pure p.a. CuBr
from Fluka was used. The CuBr reservoir was heated
separately in an oven and the CuBr vapor pressure was
controlled independently from the RF power in the
discharge.

silica tube
N / 7
I | N—
CuBr
_ reservoir @ electrodes

aven

BN

Fig. 1 Scheme of the discharge tube

The RF power was capacitively coupled into the
discharge by two brass electrodes (10 cm in length,
8 mm wide) mounted along the quartz tube. The
discharge was run by a generator operating at 13.56
MHz. The emitted light from the discharge was
recorded by an optical simultaneous multichannel
analyzer.

The emission spectra in the 740+800 nm spectral range
in He-CuBr discharge and in the 240+300 nm spectral
range in Ne-CuBr discharge were recorded at different
RF powers and CuBr reservoir temperature. The copper
ion lines intensities increased when increasing the CuBr
reservoir temperature up to 500°C, the highest
temperature at which stable discharge was obtained.

Efficient excitation of the copper ion laser states was
achieved at RF input power 200 W, i.e. at linear power
density of 20 W/cm. At a lower input power, in spite of
the presence of copper atoms in the discharge,
spontaneous emission on copper ion lines was hardly
detected.

Except for the copper ion laser lines, no other copper
ion lines were found even at higher than 200 W input
power. That proves that efficient charge-exchange
excitation [4] takes place at the examined discharge
conditions.
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3. Laser oscillation in He-CuBr discharge

Pulsed and CW lasing on four infrared Cu’ lines
(740.4 nm, 766.5 nm, 780.8 nm and 782.6 nm) was
obtained in RF-excited He-CuBr discharge operated at
two different frequencies: 13.56 MHz and 27.12 MHz.

3.1. Pulsed lasing

Pulsed oscillation on the 780.8 nm Cu’ transition was
obtained in a laser tube in which the CuBr was placed in
the discharge volume and the discharge heating was
used to evaporate the halide (Fig. 2). The laser tube was
made of fused silica, the discharge channel was 400 mm
long, with 8 mm bore diameter. A second fused silica
tube was inserted in it, also 400 mm long, 5.5 mm bore
diameter. Along its length a 4 mm slot was cut. Small
pieces of CuBr were evenly spread in the internal tube
under the slot. The role of the internal tube was to
protect copper deposition on the inner surface of the

discharge tube. The RF power was coupled in the

discharge by two externally mounted brass electrodes,
400 mm long, 8 mm wide.

electrodes

slotted tube

CuBr laser tube

Fig. 2 Schematic cross-section of the laser tube

The discharge was excited by 27.12 MHz RF pulses
with changeable pulse repetition rate from 1 kHz to
4 kHz and pulse duration from 40 us to 150 ps. Laser
oscillation was obtained at helium pressure from
1.8 kPa to 4.8 kPa, with an optimum at 4.0 kPa.

The lowest pulse power amplitude at which lasing was
observed was around 500 W, which corresponds to
12.5 W/cm linear power density, much lower than the
100 W/cm necessary for lasing in the RF sputtering He-
Cu system [4]. At optimal for lasing conditions: 4.0 kPa
He pressure, 160°C tube wall temperature and 750 W
pulse power amplitude (18.75 W/cm) a small-signal
gain of 8%/m was measured at 780.8 nm Cu" laser line.

3.2 CW lasing

The second tube had a design similar to that used for
He-Cd capacitively-coupled RF-excited laser [5]. The
active volume was confined by a ceramic capillary
40 cm long and 4 mm in diameter. At the middle of the
active zone a side-arm reservoir with CuBr was
connected. From this reservoir the CuBr vapor diffused
to the active discharge region where it was dissociated
into Cu and Br atoms. The CuBr reservoir was heated
separately up to 450°C and the vapor pressure was
controlled independently of the RF excitation power.
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Using this tube CW oscillation on four near-IR Cu’
transitions (740.4 nm, 766.5 nm, 780.8 nm and
782.6 nm) was obtained at 13.56 MHz excitation
frequency. The laser power of all lines increased
linearly with increasing input power from 400 W up to
800 W. The maximum input power was limited due to
arcing between the electrodes. For the 780.8 nm line
which is the strongest line, an output power of 10 mW
was achieved at an optimum He pressure of 7 kPa and
input RF power of 800 W.

4. UV Cu lines excitation in Ne-CuBr
discharge

The obtained reducing of the excitation power in He-
CuBr RF-excited discharge suggested that the power
necessary for excitation of the UV laser transitions of
Cu’ might be reduced also in Ne-CuBr RF-excited
discharge.

Using Ne as a buffer gas, in the same tube in which CW
lasing was obtained, we observed laser gains on the
following 14 UV Cu’ lines: 240.3 nm, 242.4 nm,
247.3 nm, 248.6 nm, 249.6 nm, 250.6 nm, 252.9 nm,
254.5 nm, 259.1 nm, 260.0 nm, 270.3 nm, 271.4 nm,
2719 nm, 2722 nm. The strongest line was the
248.6 nm line with an optimum Ne pressure at 1 kPa.

5. Conclusions

For the first time laser oscillation on Cu' lines using
dissociation of copper-halide in RF-excited discharge
was reported. The threshold input power for lasing was
reduced about 5 times compared to that reported for the
sputtering RF-excited Cu” laser. CW laser action on IR
Cu' lines at RF excitation was obtained. Laser gain in
the UV spectral range was observed in Ne-CuBr
discharge.
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Investigation of Arc Spot Ignition on Cold Electrodes by Emission Spectroscopy

M. Schumann, D. Nandelstddt, A. Korbel, J. Schein, and J. Mentel
Ruhr-Universitit Bochum, Lehrstuhl fiir AEEO, D-44780 Bochum, Germany

1. Introduction

In preceding investigations measurements were made
in air with 24 different materials of the so called arc
spot formation delay time or commutation time t, [1].
This is the time which is needed to initiate the
formation of arc spots on cold electrodes after applying
an electric ficld between an arc and a third electrode
biased either negatively or positively against the bulk
plasma.

The most important result of these investigations was
that this arc spot formation delay time measured for
freshly polished electrodes is independent of the bulk
propertics of the electrode material like work function
or electrical conductivity. Another result was that this
arc spot formation delay time is very sensitive on
variations of the surface structure. SEM investigations
were made revealing that the crater structure left by the
ignition at the electrode surface is depending on the
surface structure [2], [3].

To investigate the ignition of arc spots on cold cathodes
under defined conditions and in a defined gas
atmosphere a special experimental set-up was
developed which is given below [4], [5]. The ignition of
arc spots on the cathode was investigated as well by
high speed photography as by electrical measurements.
The arc traces of short current pulses were examined by
in situ optical microscopy of the cathode surface.

Two different modes of arc spot ignition were observed:
an initiation by a diffuse glow discharge which may
pass into a constricted arc spot and an immediate
formation of a constricted arc spot.

"The two modes of arc spot ignition at atmospheric
pressure were attributed to different surface structures,
which can be characterized by the field enhancement
factor [6], [7]. Field enhancement by microprotrusions
may raise the local electron emission more than any
known depression of the work function. A sufficiently
high density of small emission sites produces by field
emission locally such a high average current density
that a plasma channe! and an arc spot on the cathode
surface is formed. With lower pressure the influence of
the surface structure is reduced and pushed back by
TOWNSEND-~y emission.

Characteristic spectra of the filling gas and the
commutation electrode could be related to the different
modes and are given further down.

2. Experimental Set-Up
The experimental set-up shown in Fig. 1 consists of a

pair of horn electrodes with an anode A and a cathode
C between which an arc is ignited by high voltage

breakdown. After the ignition the arc operated with a
current of 25 A is blown magnetically against a
diaphragm (D) positioned horizontally above the horn
electrodes. :

The commutation electrode (CE) is positioned behind a
small aperture (diameter 2 mm) in the center of the
diaphragm ensuring the ignition to take place definitely
in an area of 1-2 mm® The voltage between the arc
plasma and the grounded CE, given by the voltage drop
of the resistor Ry, amounts to 250 V in this experiment.
Up to eight CE’s are fixed on the circumference of a
revolver (R), turned -successively behind the hole. The
whole discharge arrangement is enclosed in a vacuum
tight chamber made of high grade steel which is
pumped to UHV and filled with pure gases. The
chamber is equipped with windows for optical
observation of the ignition, which is possible with
sufficient spatial resolution by reason of the special set-
up. A detailed description of how the experiment takes
place is given in [5], [6].

SZ 1 8Z 2
ECIRns
S2
— (optiona)
%ﬂ .
Ie
A .} l :
Ry Dy i R
}  __1+—o
I-_—I
S; ¢
Ry
IOT
m % Tlu, +—

Fig. 1: Set-up with horn electrodes with A: anode; C: cathode;
D: diaphragm with aperture; R: electrode revolver equipped
with 8 commutation electrodes CE; OMA: optical
multichannel analyser; lens L; SZ,, SZ,. current probes
measuring ic through CE. Ignition circuit formed by Cy, Ry
and S; charged onto the voltage Ucy. Main circuit formed by
current source I, Ry, Ry, and diode Dy.

3. Measurements

Forty ignitions in turn were made on a single electrode
in pure Ar before it was replaced. Thereby the electrode
surface changes from ignition to ignition. As well does
the ignition itself which takes place as mentioned above
in two different modes.

In the first case the ignition is initiated by a precurrent
larger than 1 mA lasting up to several ps. This
precurrent is characterized by two parameters, the
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maximum precurrent i, and precurrent flow time t, [6].
A luminous layer becomes visible. With increasing
current, a channel is forming which starts from the
Iuminous layer and leads to the bulk plasma. In the
second case an initiating precurrent could not be
detected with the measuring device of this experiment.
A bright plasma ball is formed in front of the cathode
spanning the gap between an unstructured bulk plasma
and the cathode [4], [6].
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1500+
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2500}
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15000 :
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1000}
400 450 800 850 600 650 700 750 800
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Fig. 2: Spectrally and spatially resolved representation of
light emission in front of the CE. Its diameter is given on the
right side: a) Emission of the luminous layer, Au I, Ar L.
atomic Au- and Ar-lines; b) Emission of the plasma ball, Ar
II: lines of single ionized Ar.

The spectrally and spatially resolved emission in front
of an Au-electrode in Ar is shown in Fig. 2. Fig. 2a
gives the emission of the luminous layer. It extends

over the whole electrode surface and comprises of
atomic lines of the electrode material and of the filling
gas Ar. Similar results are also found for cathodes
made of Cu and Al Fig. 2b represents the emission of
the plasma ball. It is concentrated in a small spot with a
diameter of 100-300 pm and consists mainly of ion
lines of the filling gas Ar. Similar spectra are emitted
by the plasma channel forming after the luminous
layer. Principally the same spectra are also found for
electrodes made of Cu, Al, and W, however not for
graphite. : :

4. Conclusions

Two different kinds of arc spot ignition on cold
cathodes have been identified, the modes of diffuse and
constricted current transfer. It has been shown that
these different kinds of current transfer emit very
different . optical spectra. The atomic lines of the
electrode material emitted by the luminous layer
indicate that electrode material is vaporized presumably
by a destruction of electron emitting microprotrusions.
The ion spectrum of the constricted arc spot reflects a
high electrical power input into the arc spot.
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Experimental Study of Cathode Region of Pulse High Current Free Burning
Arc in Argon at Atmospheric Pressure

N.K Mitrofanov and S.M.Shkol’nik
A F.loffe Phys.-Techn.-Inst. Rus.Acad.Sci., Polytechnicheskaya 26, St.Petersburg 194021, Russia

1. Introduction

The cathode processes in atmospheric pressure arcs are
studied for a long time. A theory of arcs with a tungsten
thermionic cathode in inert gas is well advanced [1]. The
experimental studies of such arcs are numerous [2,3].
An experiment and a theory do not contradict
qualitatively one another: both in calculations and in
experiments a weak dependence of a current density on
an arc current, a falling voltage-current characteristic of
near-cathode layer are observed. The quantitative
distinctions also are not too great. One of the major
characteristics of cathode region is a potential difference
between a cathode and undisturbed plasma - a cathode
potential drop V. In the review [1] results of
comparision between V. measurements and V,
calculations, obtained by varous methods, are
presented. At currents I = (10%+10%) A in Argon the
measured values of V, are within limits of (10+6) V and
the calculated ones - (12+5) V. Recently the calculations
giving a significantly different result are published: V,
changes from 27 V up to 17 V while I is varied from 99
up to 971A[4].

In general terms the most correct method of an
electrode drop measurement is the probe technique.
Such methods as the short arc voltage and calorimetric
measurements have large limitations and repeatedly
~came under criticism. However, the probe diagnostics of
a strongly ionized plasma at atmospheric pressure was
not elaborated till now. It is wide-spread point of view
stated in [5] on basis of qualitative consideration only
that a plasma potential V, differs from a floating probe
potential V; by (1+2)V. It has resulted, as the recent
investigation[6] showed, in large errors of Vy and so V.
determination. Recent results of the atmospheric
pressure strongly ionized plasma probe diagnostics
elaboration [7] were used in the present investigation.

2. Experimental setup and procedure

To perform the studies the same experimental setup as
in [7] was used. The cathode was a tungsten &2mm
stick with a semispheric tip. The stick was pressed in a
copper water-cooled holder. The extended part was of
8+10 mm length. The copper water-cooled anode was
located 12 mm above the cathode. In paralle] to an on
duty d.c arc (50+70)A the generator of single rectangular
(I<1000A)pulses of a duration up to Sms was connected.
A pulse front when a discharge gap shorted was~0.1 ms.

A spherical probe £30.5 mm was shot at velocity>1 m/s
through the arc channel core zone. The probe location
was determined with accuracy of about 0.3 mm.

To record an arc emission spectrum a monochromator
coupled with an optical analyzer was used. The spatial
resolution was < 0.3 mm. In one exposure a spectrum
range of 25 nm was recorded. To measure a radial
distribution of a spectral line intensity the analyzer
camera was tumed through 90°. The distribution was
subjected to the Abelian inversion procedure. An
analyzer start delay was set to match by an instant of
probe travelling through the near- axis zone of an arc.

3. Experimental results and discussion

The range of I under examination was (250+550) A. An
arc appearance at a fixed voltage of the pulse generator
could change from one pulse to another. Visual
observations have shown that those changes are due to
either a displacement of an on duty arc attachment from
a tip of the cathode or to a strong droplet erosion (at the
maximum currents) in & pulse arc. The data obtained in
such cases were rejected. The measurements were
considered as related to the same arc mode if a current
and a voltage had changed not more, than with 5 %.
Measurements have shown that a current and a voltage
of an arc reach new quasistationary values at © > 1 ms
after the beginning of a pulse. Series of measurements
with various delays were oarried out which has shown
that both spectroscopical and probe measurements at t
> 1 ms did not depend on time. The estimation shows
that during about 1 ms a themperature wave in tungsten
will run a distance ~r, (1 -an arc attachment radius on the
cathode). All mentioned above allows to considar that
when we perform our measurements (3+4) ms after the
pulse beginning we determine ar¢ parameters in a
quasistationary state. It is obvious that thermal mode of
the cathode differs from that of d.c. arc. It should be
noted that the cathode thermal mode in d.c. arc depends
on conditions of the cathode cooling, i.e. on a spedific
design of a cathode umit. So it is necessary to take this
circumstance into account when the results are
compared.

The plasma temperature was determined from relative
intensities of Arlll spectral lines (A=330.19, 331.12,
333.61, 334.47 nm). At I > 250 A it is necessary to use
A1lll lines because they appears rather sensitive to a
change of plasma temperature unlike Arll lines. The
diameter of the luminous channel which we accepted
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equal to that of the curmrent channel was determined
from width of radial distribution of Arlll line intensity at
half of a profile height .

The dependence of plasma temperature T measured at
2%0.6 mm from the tip of the cathode on current is
shown in fig.1. At I>450 A a satisfactory agreement

48, T7,1000 K

theory [4]
40 w
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3s oo &°
°
30 ©
oo Fig.4
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between the experiment and the calculations[4] is
observed. However, at lower currents one can see a
distinction between the calculated and experimental
values which is far greater than the experimental data
scatter. This fact may be explained by that the
experiments and the calculations are performed at
various distances from the cathode. A plasma
temperature was calculated on an external boundary of
the region of equalization of electrons and heavy
particles temperatures which extent was estimated in [4]
as 1072 cm. The spatial resolution does not allow to
perform the measurements so close to the cathode. The
expansion of a current from the cathode attachment, a
decrease of a current density j can results in a decrease
of T. However, the measurements show that at [>450A
close to the cathode (z<lmm) the diameter of the
luminous channel does not practically changes as well as
plasma temperature. It forms something like the slightly
extended channel with high temperature in which a main
current flows. It is conceivable that this is due to effect
of a current self-magnetic field. At lower currents this
phenomenon appears only slightly and insufficient
spatial resolution results in that the measurements are
carried out in the region with a temperature lower than
that at the external boundary of the cathode layer.
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The dependence of the current channel radius on an arc
current is shown in fig. 2. In the same figure the results
of calculations[4] are presented. The results obtained
show that an arc current density near the cathode is
approximately constant in the investigated current range
and averages j&3-10°A/cm?. It should be noted that it is
an estimation only.

The results of probe floating potential Ve measurements
at zz1.0 mm from tip of the cathode are shown in fig. 3.
In the same figure the results of measurements [5,8] and
calculations [4,9,10] are presented too. One can see that
the Vymeasurement results obtained in the present work
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are in agreement with the previous results[5.8].
However, in [5,8] V; was identified with V, to an
accuracy within (1+2) V and one can see that these
results does not contradict with the calculations[9,10}.
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According to results of [7] we consider that V; differs

from V, rather considerably and at T=(2.5+3.5) eV the
difference (Vu—Vp reaches (11+12) V. The plasma
potential values with respect to the cathode V,
recalculated in accordance with [7] is also presented in
fig. 3. The obtained values V, are close to the calculation
results [4]. However, while determining the cathode
potential drop V., it is necessary to take into account the
potential difference AV between the external boundary
of the cathode layer and the point where the probe
measurements were carried out. It is not a simple task.
The rough estimation is of no interest in this case. So the
value V, measured in present work can be compared
with calculations in which not only the cathode layer but
an arc as a whole is performed. '
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1. INTRODUCTION

This paper presents results obtained in an experimental
study of a DC plasma torch. Measurements have been
made on an argon plasma jet discharging into an argon
environment at atmospheric pressure. We have studied
the influence of the total current intensity and of the
inlet gas flow rate on the characteristics of the plasma:
-temperature field and drop voltage.

The experimental results were compared with those
predicted by our model relative only to the free jet
region. The inlet conditions are given by theoretical
laws classically used by other authors on the same
subject.

2. EXPERIMENTAL

The DC plasma torch and the details of the
experimental arrangement are given in [1]. The argon
plasma jet exits into a chamber filled with argon
maintained at atmospheric pressure. The typical
working conditions were current intensities in the
range 100 to 200A; gas flow rates varying from 15 to
35NVmn. Emission spectroscopy method was used to
determine the temperature at the nozzle exit. The
measurements were carried out on the 696.5nm argon
neutral line. The plasma was assumed to be in LTE.
The statistical error in the determination of the
temperature was estimated to be about 5%.

- Electrical characteristics .
On figare 1 is shown the variation of the drop voltage

versus the current intensity for different gas flow rates. -

The arc voltage decrease observed is linked directly to
the attachment between the arc and the anode [2]. At a
fixed current and for a higher gas flow rate
D=30NI/mn, the constriction of the plasma is enhanced
and as a result the diameter of the plasma is reduced.
The arc moves along the anode and attaches itself
upstream further from the cathode. These results are in
good agreement with those of {3]. It is noteworthy that
the arc voltage for D=30NVmn tends towards a
stabilised value at higher current intensities. This
increase of the net power transferred to the plasma with
an increase of the gas flow rate is well known. In their
works, Capetti and Pfender [4] observed an increase of
about 30% of the net power transferred to the plasma
using a current intensity around 400A when the gas
flow rate increased from 23.6 to 47.2 N/mn. In our

case this increase is about 4 and 9% respectively for 50
and 180A and for a change on the gas flow D=20 to
30NVmn.

- Temperature profiles

The influence of current intensity and gas flow rate on
the temperature of an argon plasma discharging into an
argon environment was studied. Figure 2 shows the
influence of gas flow rate for a current intensity
I=100A at two axial positions z=1 and 10mm from the
nozzle exit. The increase in gas flow constricts the
plasma jet and the temperatures near to the axis
increase; the constriction is more pronounced with
lower z values. The current has a more significant
effect on the temperature profiles. An increase of the
current intensity has a repercussion on the enthalpy of
the plasma. Indeed the power applied to the torch is
increased and also the gas velocities, leading to a
lengthening and broadening of the plasma plume.

3. THEORETICAL MODEL

A mathematical 2D model limited to the free jet region
was developed by using Patankar's [5] resolution
model. The mathematical formulation was based on the
main following assumptions:- we consider an
axisymetrical configuration in a steady state and in
laminar flow conditions. The plasma was assumed to be
in L.T.E and the radiation is treated using the net
emission coefficient. At the inlet (nozzle exit) the
temperature and the axial component of the velocity are
given by:

AT

T(r)=(T- To)[l - (ﬁ)] +T,

where u, and T, are the maximum experimental values
of the axial velocity and temperature on the axis (at the
exit). Ty is the value of the temperature on the edge of
the anode (n=2). The mathematical model and the
equations used in the entire domain are described in
previous works [6]

4. DISCUSSION
On figure 3 we present the axial temperature versus the
distance from the nozzle exit. The current intensity
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I=100A and the inlet gas flow rate is D=20Nl/mn.
There is a satisfactory agreement between the
calculated and the measured values. The axial
temperature T, is equal to 11000K at z=Omm. The
maximum velocity is not given but calculated via the
knowledge of the temperature profile imposed and the
inlet gas flow rate. On figure 4 we give the temperature
profile at z=2cm from the exit. There is reasonable
agreement between experiment and theory, especially
in the hotter regions of the plasma (r<1.5mm);
however, there are discrepancies in the cooler regions.
The difference between the modelling and experimental
results becomes larger for temperatures below 9000K
and may be attributed to three reasons. Firstly, the
signal becomes weak in the cooler regions of the
plasma and the temperature values at the plasma edge
are not that precise. Secondly, the higher temperature
values given by the model at the plasma edge is linked
to the boundary conditions imposed by the model
Thirdly, the discrepancies may be due to departure of
the plasma from LTE. A systematic comparison was
made with the experimental results, using two values of
the gas flow rate 20 and 30NI/mn and considering two
current intensities 100A and 200A at different values of
z from the nozzle exit.
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STUDY OF THE PHYSICS PHENOMENA IN THE DISCHARGE CHAMBER
OF AIR PLASMA GENERATOR WITH COPPER ELECTRODE FOR
METALS CUTTING

Tudor Stanciu, Victor Pogora, Ion Protuc
Technical Iniversity of Moldova (T.U.M.)
168, bd. Stefan cel Mare, Chisinau, 2012,

Republic of Moldova

1. Introduction

The metal cutting technology based on air plasma arc is
widely used in different industrial applications. A new
type of plasma generators based on copper electrode
with cavity has been developed in the Technical
University of Moldova [1]. One of the most important
elements of the plasma generator in which a lot of
different physical processes take place which deal with
the transformation of the electrical energy in the
thermal one is the electric arc discharge chamber.

2. The physical processes in the discharge
chamber of the plasma generator

The discharge chamber of the generator consists of the
cooper clectrode with a cavity 1 and the nozzle 2
separated by the rotator 3 (fig. 1). In the same time the
last allows a tangential transport of the air into the
discharge chamber.
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Fig. 1. The scheme of the chamber of air plasma
generator based on cooper electrode with cavity

Normally the electric arc 5 occurs between the
electrode and the object 6. From the physical point of
view all the electric arc energy can be divided into 5
energetic zones, three of which are located into the
discharge  chamber. In the zones I-IV of the arc the
processes ~ of the molecules dissociation, atoms
excitation, ionisation and recombination, and the
photoemission take place.

In the first zone the radial part b-d and the spot of the
arc rotate and move on the surface of the electrode

cavity in the limits of the area a-c. The length of this
area is determined by the balance between the
gasodynamic and electrodynamic forces which are
caused by the interaction of the radial part of the
electric arc and the magnetic fields of the electric arc
and of the winding 4 under the electric current. From
the thermal point of view the electrode 1 is in the most
disadvantages conditions, namely the parts on which
are located the anode spot or the cathode spot of the
electric arc. The life time of this electrode depends
directly on the erosion speed which depends in turn on
the current intensity value, on the thermal flow on the
arc base spot as well as on the electrode polarity. The
experimental results show that the current intensity
value for the negative polarity in the centre of the
cathode spot is 10 times greater and the current spot is
2 times less then for the positive polarity {1]. The
electrode erosion depends mainly on the constructive
parameters (electrode cavity diameter de and length /e,
the nozzle channel diameter dn, the current intensity
value in the arc J, the air debit Ga and the magnetic
field solenoidity 7e/¥. The mathematical model of the
specific erosion y of the electrode with cavity has been
obtain from the experimental results and is described by
the following linear equation,

y=[1.25+0.72¢le-0.39# de+0.14# dn+0.38 ¢Ga-
0.16el oW ]e10%ge C. 68}

In zone II the electric arc is on the action of turbulent
flow of the gas being stabilised along the discharge
chamber axis. When the electric arc passes through the
nozzle channel (zone III) it is contracted in the radial
direction. When quitting the nozzle the electric arc is
dilated slightly. In the metal the electric arc is
constraint into its own cut.

The presence of the tangential component of the air
speed in the discharge chamber brings to the separation
of the electric arc on the walls of the electrode and
nozzle. As a result the difference of potentials appears
between the electric arc and the walls. That is why
breakdowns take place between the electric arc and the
walls in the electrode with cavity as well as in the
nozzle. In the electrode with cavity this breakdown
causes a decrease of the arc length and does not present
any danger. The breakdown between the electric arc
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and the nozzle however can destroy the nozzle due to
the cascade firing of the electric arc: electrode-nozzle-
metal.

During the metal cutting process the nozzle is neutral
from the electric point of view and it serves to
concentrate the energy in the working zone as well as
to stabilise the electric arc in space. In the same time
the nozzle, being neutral, is a good collector or emitter
(depending on the polarity of electrode with cavity) of
the charged particles which penetrate from the electric
arc through the separating gap due to the processes of
diffusion, gas photoionisation and photoemission. In
the normal mode of the generator functioning a non
autonomous discharge takes place in the isolating gap
with a small value of the leakage current which
depends on the resistance of the isolation. This
resistance is non linear and depends mainly on the gas
temperature in the isolation gap which varies widely in
dependence on the plasma generator parameters.

From the radial distribution  of the plasma
temperature at the exit from the nozzle and considering
that the temperature distribution in the nozzle channel
is practically the same the following three zones can be
outlined (fig. 2).
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Fig. 2.
The first zone has the temperature above 12000 K
and the following condition is satisfied for it,

n;=n,~n, 2)
where n;, n., n, are the concentrations of the ions,
electrons and neutral particles respectively.

In zone II called strongly non balanced zone the
following condition satisfies,

ni=n,>>ny, 3)

In the nozzle channel this zone is constrained
between the isotherms with the temperatures of 12000

K and 4500 K where the electric conductivity is
practically 4 times less then in zone 1. For zone III,
called zone of the saturated layer we have,

n; #n, “)

It is zone IIl which forms the isolation gap between
the electric arc and the nozzle.

The voltage-leakage current characteristic of this
zone depends on the constructive parameters, on the
current, on the air debit, as well as on the length of
zone IV. In fig. 3 a series of volt-ampere characteristics
is represented for different values of the current from
150 A (curve 1) to 400 A (curve 2), for air debit equal
tol g-s", for the nozzle diameter d, and length /, of 4
and 6 mm respectively and for the distance between the
nozzle and the metal /,, equal to 10 mm. The
dependence of the volt-ampere characteristics on other
parameters has been studied. From these characteristics
it follows that they all are increasing and when the
leakage current is equal to 1 A the isolation gap
breakdown takes place causing the cascade electric arc

firing.
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Fig. 3.

From this research where the influence on other
parameters has been taken into account the following
mathematical model of the leakage current between the
electric arc and the nozzle has been obtained.

Ia—n=7‘57. 10-3E'10,86. Ga-0.54 0 dn-l .65. ln1A67.1"_m0.54,(5)

where E is the electric field intensity in the gap
between the electric arc and the nozzle.
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STUDY OF CIRCUIT BREAKER ARC DURING THERMAL
CURRENT INTERRUPTION
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INTRODUCTION

Important efforts are now devoted to improve the
theoretical methods used on the development of circuit-
breakers. The so called physical have a larger field of
applicability than the "black-box" models. They allow
to study not only the interaction between the arc and
the circuit, but also the impact of the conception
parameters. '

In the present paper are presented the results of a
theoretical study of a circuit-breaker based on a two-
dimensional turbulent time-dependent calculation. The
physical mode! used for the modelling, could be applied
for the thermal current interruption phase, like in short-
circuit current cutting. The consideration of the
turbulence and of two kinds of radiation treatments:
with and without self-absorption of the radiation on the

edges of the arc, determine a greater complexity and
applicability.

1. BASES OF THE MODEL

1.1 Generalities

The model. based on a system of conservation
differential equations is simplified using some
hypotheses. These hypotheses are adopted to the studied
. region and period, more exactly to the nozzle of the
circuit-breaker, around zero current, without having in
view the properties of the arc near the electrodes. These
hypotheses. similar to those of a previous paper [1], are
the followings:

- pure SF6 plasma in local thermodynamic equilibrium.
with a cylindrical symmetry;

- radial electric field and Lorentz's forces are neglected:
radiation losses are calculated on the base of a net
emission coefficient dependent on the local parameters,
temperature and pressure.

The thermodynamic propertics and the transport
coefficients of the SF6 plasma used in this paper are
taken from [2]. The system of equations includes the
conservation equations and the Ohm's law. In
cvlindrical coordinates they were given in [1].

1.2 Treatment of turbulence
After years of studies the role of the turbulence in
explaining the behaviour of the SF, arc was proved and

accepted [3]. The turbulence will directly influence the
heat and momentum transfer by means of two
thermodynamic properties: thermal conductivity and
viscosity., which have a laminar and a turbulent
component. Being far from the electrodes we can
consider the arc like a jet and use the Prandtl mixing
length model. So. the turbulent components are:

Cou
we=ps, K,= 1‘;“‘ (1
where: Prt is the turbulent Prandtl number (Prt = 0.5),
12 avz . . _ A
gy =1 . Lis the mixing length (1= 0.075*Rjet).

Rjet is the jet radius. To account for the enhanced effect
of the turbulence in the divergent part of the nozzle,
for current less than 100A we use [1]:

(1+(p— 1){-) @)

where L is the nozzle length, z is the axial coordinate.
p is an adjusted coefficient between 1 and 10.

_12 z
g, =1"—4

1.3 Treatment of radiation
The present calculation uses a net-emission coefficient.

€,, to represent the energy loss by radiation. coefficient
taken from Gleizes et al {4]. In order to obtain a better
agreement with the reality we have doubled this values.
To account for the effect of self-absorption. especially
in the cold part of the gas in the nozzle, we consider a
radiation model similar to of Blundell's one [5]. We
assume 2/3 of emitted radiation in the arc core (defined
by temperature greater than T,=.65-T,. where T, is the
axis temperature), is absorbed in the outer region with
temperature less than T, For temperature greater than
T, we use the values of Gleizes et al [4], for a given
radius of lmm. For temperature less than T, we
consider that the effective value of €, is negative and
can be expressed by:

2 Ra
§j4mnrdr
s:—...o__—_ (3)
R
I4mdr
Ra

Where Ra is the radius corresponding to T .

2. RESULTS AND DISCUSSIONS
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The proposed model allows to study the characteristics
of the arc temperature and velocity. arc voltage electric
field. post arc current and the influence of different
physical parameters on the interrupting capability. We
applied the model in order to simulate the behaviour of
an electric arc of 100kV-20kA circuit breaker for which
we had experimental measurements done at EDF
Renardieres laboratory (7).

In fig.1 temperature field at zero current is shown for
coefficient of turbulence p=9. We notice the
temperature decreasing in the divergent part of the
nozzle, where the effect of the turbulence is stronger.
For the post-arc phase, in fig. 2, the variation of the
axis temperature is represented in the case of a critical
value of the recovery voltage with a rate of rise of
RRRV=8.7 kV/us, applied after a delay of 0.3ps. In this
case taking p=8 the result obtained corresponds to a
cut-off failure, because after a few ps the recovery :
voltage leads to an increasing temperature. Figure 1: Temperature field at zero current, p=9
Once the value of the p coefficient is adjusted with an

experimental result of a cut-off/no cut-off limit, we can

predict the interruption performances of the circuit- .

breaker versus di/dt. Limiting curves are shown in fig.

3. The case of neglected self-absorption of the radiation ?
is indicated by dashed lines. At the instant of zero 8
current, the maximum effect of the self-absorption
phenomenon, is a temperature decrease with about
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transient period, around current zero when the Ca v R ~
influence of the turbulence is increased, a bigger value ‘ . -

of the mixing length will determine a smaller o

temperature and finally a greater interrupting Figure 2: Axis temperature in post-arc phase, p=8
capability.

Presently the models are not enough precise for being

self-consistent. They require yet a few measurements to 10

adjust them and to make a quantitative validation.
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Two-Dimensional Model of the Anode Area of a Low Pressure Discharge.

K.N.Ulyanov, A.A Filippov

The Russian Federation State Research Centre “All-Russian Electrotecnical Institute”, Moscow, Russia

1. Introduction

It is considered a problem of the current density
distribution at the discharge near anode area with regard
for a non-linear anode drop U, dependence on the
current density j for the anode surface of different form.
The paper offers analysis of the situation when a non-
uniform anode drop is negative and cases of transition to
a current density saturation regime on a part or the
whole anode surface.

2. Physical Model

Plasma is separated from anode, cathode and walls with
a space charge layer. Layers are considered as thin,
collisions of electrons are important, conductivity o is
discribed by a Spitzer formula, electron temperature T,
doesn’t depend on the coordinate, therefore c=const.
Given a cathode drop U, doesn’t depend on j,

U1=Uac'Uc’ U1=Upl‘Ua, Uﬂa(kTJe)'ln(jch/j%

where jo - the electron chaotic current density.
Expression U,(j) is typical for low pressure discharges
at j<ju. When j=jy a positive anode drop may take
place [1].

3. Mathematical Model

The analogy was drawn between laws of a direct current
density distribution and electrostatic field strength. To
calculate j(r,z) integral equations method was used [2].
The problem was settled by a successive approximation
method. At a zero approximation distribution j was at
constant potentials at anode and . cathode plasma
boundaries. The obtained dependence j.(r) was used to
define U,(r) for U,<0. Then a further new distribution
- j(r,z) was found and so on. If a saturation rejime
occured at a part of the anode boundary a value of the
normal component j,=ju, was specified.

4. Results

Fig. 1 shows a configuration of the discharge. Fig. 2
presents j,(r) for different forms of the anode surfaces at
an electrostatic approximation (U,=const, U=const).
One should note an essential non-uniformity j, which
leads to a dependence U,(r). The influence of U,(j) may
be demonstrated on an example with following
parameters: H = 0.1 m, r, = 0.05 m, R = 0.016 m,
KT=3 eV, o=10' Obm’m?, j,=10% A/m*>. The

generatrix of the anode projection is two sectors of the
circles R;=0.016 m, conjugated at the angle of 30°.

la

Iw

1
_

Fig. 1. Configuration of the discharge. I1- cathode.
2 - anode, 3 ~.isolated wall.
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R
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Fig: 2. Relative distribution of density of an anodic
current for the different forms of the anode at an
electrostatic approximation.
1-6,=4552-6=30%53-6=1554-0,=5%
5-6=556-6,=1557-0,=30°8- 6,=45°

Fig. 3, 4 show dependencies U,(r) and ju(r) for different
U;. As soon as j,<ja (curves 1, 2) non-uniform
distributions Uy(r) and j,(r) ara realized; when j, is
higher |U,| is smaller. When the saturation is attained at
a part of the anode (curve 3) or on its whole surface
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(curve 5) U,>0 to provide j,=jp=const. However it is
impossible to realize an area with U,>0 since at
saturation this part of the plasma surface should be
equipotential and here U,=0. Therefore regimes with
U,>0 are prohibited.
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Fig. 3. Dependencies of anodic drop for different Uj.
1-U=5V,2-U=8V,3-U=9V,4-U=10V,
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Fig. 4. Relative distribution of density of an anodic

current dependecies for the different U,.
1-U=5V,2-U=8V,3-U=9V,4-U;=10V,
S5-U=11V.

Fig. 5, 6 illustrate distributions U, and j, considered for
U,=0 at an area with j,=je. For this area j, depends on
the coordinate, which is just the case of the simular

II-143

dependence j, i.e. the plasma concentration, from r.
But this dependence is defined by other equations and
should disagree with that one which can be obtained
from the solution of the given problem. Therefore the
saturation regime can be realized at a part of the anode
surface only in exceptional cases when distribution j,(r)
obtained from this problem solution meets j,(r) get with
the problem solution for plasma. This agreement can be
readily attained for smaller anodes for which two-
dimensional effects are inessential. In this case one
observe U,>0 [1].

U,V

0 0.2 0.4 0.6 0.8 r/r,

Fig. 5. Distributions U,(r) for prohibited regimes with
U>0.
1-U=9V,2-U=10V
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Fig. 6.Distributions j.{r) for prohibited regimes with
U>0.
1-U=9V,2-U=I10V
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Effect of Anode Vapours on the H.C, Vacuum Arc

Cathode Stream Deceleration
K.N.Ulyanov, J.I.Londer

The Russian Federation State Research Centre “All-Russian Electrotecnical Institute”, Moscow, Russia

One-dimensional model of the vacuum arc plasma zone
in three-liquid hydrodynamics approximations is
proposed. It is assumed that atoms evaporated from the
anode are ionized in a narrow near anode-zone,slow
ions obtain quickly a Maxwellian distribution at the cost
of Coulomb collisions, deceleration length of cathode
stream ions exceeds the gap length, but the cathode
stream deceleration is essential. Outside the narrow
near-electrode zones streams of slow anode and fast
cathode ions are kept, electron thermal conductivity
equalizes the electron temperature. Estimations show for
the electron movement equation changes in the kinetic
energy may be neglected. By obtaining an electric field
value from this equation and putting it in fast (1) and
slow (2) ion movement equations one may get the
following (axis X is directed to the anode, L is the gap
size): :

o, __z . 8 (m) Me 27,

& nody 3r\M) a

n

0]

n
A 221
*(Zl_zz)";“.—zlzz -
e 1

de, z,dp, ldp, 8 (_@)"2 M
dy n,dy n,dy 3Jz\M) «a
212, n n,
z, — 2, )=+ 2,2, — 2
teslz(l 2)"e 1261 @

The balance of slow ion energy takes into consideration
the ion thermal conductivity and friction force work :

n, dy 2;3’_ —7_7;

M

Equations (1)-(3) were solved numerically with regard
for quasi-neutrality and continuity equations for fast and
slow ions and boundary conditions at anode and
cathode:

12 12 —

n~ZyntZy np,my 8, =y, ny g, ?=vyny, 4

0, (0)=1ny, 10) =19, Ty0) =T , To(1)=T2 (5)

' 2
&tz .nk(tz dn, 3dt2) 4 (m) ,

In (1) to (5) the following notations are used:

y=X/L, n, =N, /n*, n, =N, /n*, n,=N, /n*,

€1 =E  /E, (0), &=E, /E, (0), p. =P. /(E; (0) n*),  (6)
p2=P: /(E, (0) n*), t=(KT,)/E, (0), ,=(KT,)/E, (0)
Indexes “e”,”17,”2” are referred respectively to
electrons,fast and slow ions. n,, - the concentration of
fast ions at the cathode, 7y - the ratio of current densities
of slow and fast ions, o - the fraction of the full current
transferred by fast ions, E, (0) - the kinetic energy of fast
ions at the cathode. n* and n,, are defined as follows:

. &O 1 a j
n e i e . —_—

YA I

A GO 1 (g)
I T émAL\ 2

Here, j - the arc current density. The set of equations
(1)~(4) with boundary conditions (5) makes possible to
determine a dependence of electron concentration,fast
and slow ions,slow ion temperature and kinetic energy
(directed velocity) of fast and slow ions on the
dimentionless coordinate y. The set of equations was
solved numerically. Physical parameters were arc
current density, fast and slow ion streams,velocities of
fast jons at the cathode and slow ions at the
anode,electron temperature. ‘

™

Typical calculation data are presented in Fig.1-3. One
should note essential heat of slow ions,presence of
sufficiently narrow near-electrode zones with a high
gradient of ion temperature,presence irregular cathode
stream deceleration and rather complex law of slow ion
concentration changes. With the rise in anode vapour
concentration at a given current density value the
cathode stream deceleration is intensified (particularly at
the near-anode zone) due to a strong dependence of ion
collision Coulomb section on the relative velocity. In
this case a sharply non-uniform heat is developed in the
gap which affects importantly the dependence of stream
parameters on coordinate y. For each set of cathode
stream parameters (and value of t. ) it is possible to
determine a limiting density of anode vapours which
stops the cathode stream and disturbs uniform current
carrying. The corresponding values are given in Fig4. It
is to be pointed out the limit values n,, are in agreement
with experimental results [1]. For a typical quasi-
stationary a.c. vacuum arc such temperature values
may be attained under heating the anode at which the
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anode vapour density exceeds a critical one and the Tmcx
2

cathode stream can be forced away from the anode. In
this case a positive anode drop may appear in the near-

- anode zone, anode vapours be ionized with electrons [2]
and the gap - subjected to a breakdown resulting in
formation of an anode spot.

The culculations were executed at following walues of
physical parameters: L=1 cm, kT,=3 eV, E; (0)=30¢V,
n*=1.4%10Ycm j*=210 A/cm’.
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0.2 0.5 Fig.3 Dependence of the maximum slow ion
temperature on the anode vapour density (j/j*=3).
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Fig.] Dependence of the fast and slow ion
concentrations and the slow ion temperature on the
dimensionless coordinate(n;~0.24, ny=3,5, j/j*=3). 3
n lay
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0.6

) 'k
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Fig.4 Dependence of the limit anode vapour density on
the arc current density.

0.4

0.2

References

[1] R.L.Boxman: Journ.Appl.Phys., v.45, (1974), N11,

p.4835
1 2 3 4 n [2] V.A.Gordin, J.I.Londer, 1.O. Sibiryak, .N.Ulyanov:
2a y
Fig.2 Dependence of the fast ion concentration at the Radiotekhnika i elektr onika, v.29, (1984), N4, p.774

anode on the anode vapor density(j/j*=3).

XXIM ICPIG ( Toulouse, France ) 17 - 22 July 1997




II-146

A COMPREHENSIVE STUDY OF ARCING ON ALUMINUM
ANODIZED PLATES IMMERSED IN LOW DENSITY PLASMAS

C.V. Doreswamy’, D.C. Ferguson, J.T. Galofaro,

D B. Snyder, and B.V. Vayner*
NASA/ Lewis Research Center, Cleveland, Ohio 44135

Abstract.

A pumber of experiments has been done to study
characteristics of the electromagnetic radiation
generated by arcing on anodized aluminum plate
immersed in low density plasma. The low Earth orbit
plasma environment was simulated in a plasma
vacuum chamber, where the parameters could be
controlled precisely. Diagnostic equipment included
" two antennas, a spherical Langmuir probe, a wire
probe, and a very sensitive current probe to measure
arc current. All data were obtained in digital form
with the sampling interval of 2.5 ns that allowed us to
study the radiation spectrum at frequencies up to 200
MHz. We found that the level of interference exceeds
considerably the limitations =~ on the level of
electromagnetic noise determined by technical
requirements on Space  Shuttle operation.
Experiments with two independently biased plates
have shown that the arcing onset on one plate
generates a pulse of current on the second plate, and
that the secondary current pulse has a significant
amplitude. We emphasize the necessity of the
elaboration of a special tool for designers to prevent
the adverse consequences of arcing on ' spacecraft
operation.

1. Introduction.

Among the many aspects of the problem there is
one which is of particular interest: arcing on

spacecraft surfaces with a high negative potential and

its consequences. It is quite obvious that arcs are
undesirable events, and the main purpose of current
research is to elaborate methods for arc mitigation.
Arcing onset is a stochastic process. Arcs occur
randomly on spacecraft surfaces, and it is impossible
to predict the moment and site of arcing. However, it
is possible to determine the most probable sites of
- arcing and to prevent the adverse consequences by
implementing a special procedure that must be
elaborated.  The greater part of this tool exists now.
To prevent the negative consequences of arcing at the
design stage it seems necessary to determine the
spectra and absolute levels of electromagnetic
radiation generated by arcing (EMI) magnitudes and
pulse forms of arc

"Tuskegee University, Tuskegee, Alabama
*NASA/NRC Research Associate

current, and to investigate the influence of arcs on
other spacecraft surfaces situated near the arc site. In
the present paper we describe the results of
experimental study and theoretical analysis that were
carried out to elucidate the problems named above.

2. Experimental setup.

All our experiments were performed in a vertical
vacuum tank installed ‘at the NASA Lewis Research
Center. Vacuum equipment provides pressure as low
as 107 Torr. Two Penning sources generate an argon
plasma with the electron density n7,=(2-10)10° cm™ |
temperature 7,=1-1.2 eV, and neutral argon pressure
p=710° Torr which were steady during the
experiment. An anodized aluminum plate (18X 18
cm) is mounted vertically at the bottom of the
chamber, and it is biased by a high voltage power
supply through the resistor R=100 kQ. Diagnostic
equipment includes two spherical Langmuir probes
each with diameter 4=5 cm, two perpendicular
antennas each with length /=50 cm, and two wire
probes . For the second part of the experiment, two
pairs of plates were installed with separations of L=25
cm and 50 cm respectively , and each plate was biased
by an independent power supply. The back sides and
edges of plates were insulated by Kapton films.
Because the plates themselves have a low capacitance,
additional capacitors C=0.22 pF (0.47 pF for some
experiments) were installed between the plates and
ground. This allowed us to increase the electrical
charge collected on the plates to more adequately
simulate the real situation on the spacecraft. The setup
provided the possibility to investigate the influence of
an arc initiated on one plate on the processes that were
going on on the second plate. All data were obtained
in digital form with the sampling interval 2.5 ns .
Thus, we are able to study electromagnetic oscxllatmns
with frequencxes up to 200 MHz.

3. Experimental results.

a) High frequency EMI Arc discharge current
generates both plasma waves and electromagnetic
radiation which can disturb the operation of
electronics. The experimental study of plasma waves
has shown that the most intense waves are Langmuir

‘waves with frequencies up to 20 MHz for LEO

conditions [1]. The measured electrical field strength
E~0.1 V/mMHz could be considered quite significant
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at distances of a few meters from arcing site, and
these measurements confirmed the necessity of
shielding of sensitive electronics. High frequency
transverse electromagnetic waves occupy a wide range
on. the frequency scale ( results are obtained for /<
200MHz), and their magnitudes are quite large even
though the spectra demonstrate a  drop of
approximately 20dB/dec [1]. The EMI field strength
depends on the bias voltage, decreasing by 40 dB
when the voltage decreases from 1kVt0250 V. The
results of one experiment are shown in Fig. 1. For
most of the measurements the amplitude of voltage in
the horizontal antenna is almost equal to that in the
vertical antenna. However, - a few experiments
demonstrated some difference between the amplitudes
of signals on the two antennas. Both spectra have
some common features: a broad peak at the plasma
frequency f, and an almost flat spectrum at
frequencies f>f, . Because all measurements were
performed in the near field zone, the attenuation of
low frequency waves (f<f,) in the plasma was
negligible. :
b) Plasma effects from arcing. The amount of
electrical charge injected into the plasma is equal to
50-100 puCl for all of our experiments (for more
details, see [1]). We may expect some kinds of
secondary effects on the independently biased plate
mounted near the plate where arc occurs. Our first
series of experiments was done with plates mounted at
a separation of L=25c¢cm, facing each other. Two
different oscillograms were obtained from the
experiment. In the most cases, the second probe
registered a- low amplitude positive current pulse.
However, during a few experiments we observed an
effect that could be called “induced arcing” (Fig. 2).
It is seen from the graphs that an arc on the first plate
generates a negative pulse of current on the second

plate, and both amplitudes are comparable . This kind -
of event can not be explained untxl further

experimental work will be done.

4. Conclusion.

It is well known that arcing on spacecraft surfaces
is an unavoidable event with the adverse
consequences. An extensive experimental and
theoretical study of arcing onset and its aftermath has
~ been carried out with the purpose of obtaining the
quantitative characteristics of these physical processes.
As a result of our efforts we have data regarding the
arc rate dependence on the bias voltage and space
environment parameters, the intensity and spectrum of
the electromagnetic interference, and some other
effects on the conductive surfaces situated near the
arcing site. We believe that incorporation of the
collected results in a well elaborated computer code
for calculations of the electrostatic field distribution
along the spacecraft can provide an effective tool for
designers. The realization of this program ‘will greatly
increase the reliability of spacecraft operation. -
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The Effects of Self-induced Magnetic Field
on a High Current SF¢ Arc in a Supersonic Nozzle

1.D.Yan and M.T.C.Fang
Department of Electrical Engineering and Electronics
The University of Liverpool, Liverpool L69 3BX, UK

Abstract

The effects of the self-generated Lorentz force on
the electric and aerodynamic behaviour of a 30kA SF;
arc have been investigated by solving mass,
momentum, energy and charge conservation
equations. Radiation and turbulence enhanced
momentum and energy transport have been taken into
account. Charge conservation provides an equation for
the solution of electric field, the computation domain
of which is larger than the domain for the flow.
Although Lorentz force substantially increases the
pressure level and distribution, the change in arc
voltage does not exceed 10%. The influence of the
Lorentz force is restricted to the region close to the
upstream electrode.

1. Introduction _

It is well known that the Lorentz force due to the
interaction of the arcing current and its own magnetic
field is the course for strong gas acceleration in a free
burning arc [1]. However the effects of the self-
generated Lorentz force on a nozzle arc are less clear
as the arc also burns in a pressure gradient generated
by a high pressure reservoir.

The objective of the present investigation is to carry
out a comparative study on the importance of the
Lorentz force for a 30kA SF; arc in an enlarged nozzle
of Benenson et. al [2]. An upstream electrode is placed
at the nozzle inlet. The dimensions of the nozzle are:
Throat diameter=47.5mm, Axial distance of throat to
nozzle inlet=59.4mm, Nozzle length=95mm, Inlet
diameter=95mm, Exit diameter=59.85 mm, Electrode
diameter=19.5mm, Axial distance of electrode tip to
nozzle inlet = 9.5 mm.

Table 1

Equation ¢|T Sy
continuity 1]0 0
z- wlwm+w | -Op/oz
momentum +1. B,

+ viscous terms
r-momentum | V| py+p, | -Op/or-J,Be

+ viscous terms
enthalpy h| (kk)/c, | oE*q +dP/dt
: + viscous dissipation

2. The Governing Equations

Computer simulation of the nozzle arc is based on
the solution of four conservation equations which can
be written in the following form

a_(g’;ﬂ+v.(pﬁ¢)-v-(r¢v¢)=s¢ )

where ¢ is the dependent variable, p the gas density

and v the velocity vector. The source terms S and the
diffusion coefficients I" are listed in Table 1 where all
notations have their conventional meaning. The
subscript, 1, denotes the laminar part of the transport
coefficient and t the turbulent part. The boundary
conditions for equation (1) are detailed in [3]. SF, arcs
in an accelerating flow are often turbulent [4]. Prandtl
mixing length model has been successfully applied to
gas blast arc although it requires one test result for a
given nozzle to fix the turbulence parameter [4].
Details of the calculation can be found in [3]. For the
nozzle used it has been found that ¢ = 0.04 is
satisfactory. The magnetic field has negligible effect
on the transport properties.

The source term in the energy equation due to the
arc is 6E>-q (Table 1). Electric power input , oE?, is
calculated by solving the current continuity equation
in the form .

V-(cVy)=0 @)
in a rectangular domain which is larger than the Flow
domain.  is the electrostatic potential. The potential
of the transparent current collector which is placed at
the nozzle exit is set at zero. The potential at the end
of the upstream electrode (flush with the inlet plane) is
iteratively solved until the total  current passing
through the nozzle is equal to the given value. &y/én
=0 is used for the rest of the boundaries.

The term q in Table 1 represents the net radiation
foss per unit volume and time. A semi-empirical
radiation transport model [5] is used to calculate q.
This model has been proven to be sufficiently accurate
to give very good prediction when compared with the
measure radial temperature profile in SF; [5].

The magnetic field is purely azimulthal due to the
axisymmetric distribution of the current density. The
magnetic flux density is calculated by Ampere’s Law.

3. Results and discussion
Version 2.0 of PHOENICS [6] is used to obtain the

‘results. Body fitted co-ordinate is used in the grid

system. A total cell number of 70x70 is used in the
flow domain.

The most evident effect of the self-generated
magnetic force is the modification to the pressure field
which is shown in Figures 1 and 2. The pressure
difference on the axis with and without the magnetic
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Figure 1 Pressure and temperature contours in the enlarged
EPRI nozzle with self-generated Lorentz force. The
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Figure 2 Pressure and temperature contours in the enlarged
EPRI nozzle without self-generated Lorentz force.
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Figure 3 Pressure on nozzle axis and near the nozzle wall.
Solid lines: with magnetic force; Broken lines: without
magnetic force. Pressure distributions near the wall for the
two cases are nearly identical.

force reaches 2 Bar (Figure 3). The gas near the
cathode region is strongly accelerated by the magnetic
driving force (Figure 4). A careful examination on the
results shows that the flow velocity and the enthalpy at
the nozzle exit are not sensitive to the magnetic field.
However, the increase in gas density due to the
pressure rise in the arc column enhances the axial
energy convection and results in an arc voltage which
is 8% higher than that without magnetic field. The
energy flow rate at the exit is shown in Figure 5.

4. CONCLUSION

The most evident effect of the magnetici force is its
modification to the pressure field in the nozzle. The
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Figure 5 Radially integrated energy flow rate at the nozzle
exit. The upstream stagnation pressure is 9 Bar and the
stagnation temperature is 313k. The arc voltage for the 30kA
SFs arc is 447V without magnetic field and 472V with
magnetic field. The exit pressure is 2.5 Bar. Solid lines:
with JxB force; Broken lines: without JxB force. '

difference of axis pressure with and without the
magnetic force can reach 2 Bar for a 30kA SFg arc.
The increase in arc voltage (6%) is caused by the
enhanced axial energy convection due to the density
increase in the arc column.
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The stability of argon arcs in axially accelerating flow
R E Blundell, M T C Fang and J D Yan

Department of Electrical Engineering and Electronics,
University of Liverpool, Liverpool L69 3BX, UK.

1. Introduction

High pressure arcs in predominantly axial flow occur
in a number of practical applications such as circuit-
breakers, arc heaters and in arc welding. The stability
of the arc column is important as the arc properties
depend strongly on whether the flow within the arc
is laminar or turbulent. Previous attempts to explain
the presence of instabilities in the arc rely on analo-
gies with simpler flows whose stability properties are
known. However, such a simple approach ignores the
many closely coupled physical processes inside the arc
column and cannot give a reliable picture of arc in-
stability. The purpose of this paper, therefore, is to
approach the problem more directly and attempt to
give at least a qualitative description of the causes of
arc instability. ‘

The extremely complicated nature of the arc govern-

ing cquations necessitates some simplification of the.

problem. OQur analysis is therefore restricted to the
self-similar arc, for which the thermodynamic prop-
erties of the arc and the axial velocity gradient are
axially constant. Such arcs are found close to a stag-
nation point at an electrode tip in the predominantly
axial flow generated by a constricting nozzle. The self-
similar arc captures the qualitative features of more
general arcs, while remaining tractable to stability
analvsis.

2. Stability equations

The non-dimensional conservation equations for an arc
in predominantly axial flow may be simplified using the
boundary layer approximations and are

%} + 11511 (pur) + (,;9—7 (pw) = 0
611' +p“5 w +ow dw Lo op _ Bpl d (Tn6w>
"ot or 8z | 9z dr
ol dh Gh 1 6 Kk Oh
e e P ST ( ar)
+ oE? - Bog
I = /°° dr2rrok
0

where all notations have their ‘conventional meaning
and the normalisation quantities and similarity param-
eters are given in [1]. The thermodynamic and trans-
port properties used are those of argon. Radiation is
modelled using a net-emission coefficient method with-
out including a region of net radiation reabsorption.
For a self-similar arc the equations cati be simplified

and their equilibrium solution can be found numeri-
cally using a finite volume method [2].

The equations are perturbed by imposing small ax-
isymmetrical perturbations of the type p(r,t,z) =
p(r) exp(iwt + talog(z)) where log(z) is introduced to
make the perturbed equations independent of 2. Per-
turbations to each of the quantities in the governing
equations, including all the gas properties, but ex-
cluding the pressure, are introduced. The use of the
boundary layer approximations to simplify the diffu-
sive terms and remove the pressure perturbation in-
curs a degree of approximation, as does the neglect of a
radial current component. For a self-similar arc, these
approximations can be shown to be reasonable [3]. The
result is the following set of ordinary differential equa-
tions containing two parameters, a and w:

ar’ v du udﬁ ,
pu-(—i—-f-p( +dT+Ad w+(1+za)f>T
du' 14 dp ' . T
+pE7+(r+dr)u +(1+ia)pf' = 0
_di 2 _ o= 6f ! !
(pud +pf*—Bp a (ma ))T +2pff
df dT' af f
~Beig g ~ BT g
—I—(pu—Bp-—-—B (—i—q)—g—+(pzw+pfza)f’ = 0
puh  1d ¢ o\ dh  dh\ dT"
Bp (BP T dr ('rnh) nd1 B d’r) dr
< *T" dh , ,
'BPK‘}LE.'Z— + p—&;u + (phzw +pfh1,cx) T
+ ”u%+ ud—E—B - rﬁdh
P TP P dr dr
7 '
o) B 4 Bog | T - 22~
dr T dr

1 dl¢l
or dr?

1\ d¢'
t I dr (;7_1") dr

_GEdT" _ od (z)T/ = 0
dr \ o

where the hats represent differentiation with respect
to temperature, f = Ow/0z = w/z is the axial veloc-
ity gradient and ¢ is a current stream function intro-
duced in order to replace the integral equation for the
current with a differential equation. Axial symmetry
and constant external flow conditions outside the arc
provide the required boundary conditions for the per-
turbed solutions. A current source is assumed so the
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Figure 1: Amplification rate of the most unstable
mode plotted against the parameter —2logjoBp =

10g1(,(12Pf00)

total current remains constant although the local cur-
rent density is perturbed. Instability is investigated
by assigning imaginary values to w. The value of a is
then determined by satisfying the boundary conditions
through the governing perturbed equations. Thus, the
problem is an eigenvalue problem and the stability
equations determine the corresponding dispersion re-
lation. The perturbed equations are discretised using
a Cliebyshev collocation method [4] and the resulting
matrix eigenvalue problem solved using the QZ and
inverse Rayleigh iteration methods [3]. Instability re-
sults if a7, the imaginary part of o, is negative for any
value of w.

3. Results

The numerically obtained solutions of the self-similar
arc stability equations show that w = 0 produces the
most unstable behaviour, although the dependence
of oy on w is weak. Similarity theory suggests that
two similarity parameters, Bp = ki(J2Pfoo)~ /% and
Bo = ko(P/(I?f3,)!/*, rather than the three dis-
charge parameters independently should determine the
stability [1]. The constants k1 and k2 depend on the
values chosen for the characteristic gas properties and
for simplicity are set to unity here and feo is the ax-
ial velocity gradient of flow external to the self-similar
arc. The results show that to a good approximation,
Bp alone determines the stability. Figure 1 shows
the numerical results obtained for 10 < I < 10004,
2000 < foo < 15000s7! and 1 < P < 8 Bar for the
amplification rate —ay plotted against the similarity
parameter 8;2 with w = 0. The scatter of the points
is cansed by the weak dependence of ar on Bg. The
tendency. towards instability at large values of PI 2 foo
is clear, with the critical value in the range 101310,
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The predictions of stability at low current must be
treated with some care. Our analysis has assumed lo-
cal thermodynamic equilibrium and this may be vio-
lated at the low temperatures associated with the low
current.

The physical cause of instability can be determined
from the terms in the equation for the mean energy
of the instability [3]. For the argon arcs investigated
here, analysis of this equation shows that instability
arises in the shear layer between the arc core and the
surrounding cold gas. The instability is driven by the
radial gradient of the density which is very large in the
shear layer and by fluctuations in the ohmic heating.
Fluctuations in the ohmic heating always have a desta-
bilising effect [5] but the numerical results show that
the effect in argon is more important that in SF [3, 5].
The thermal conduction and to a lesser extent the ra-
diation dissipate energy from the instability. Thus the
process causing instability is quite different to that of
the simple flows commonly used as analogies to arc
stability.

One of the more important applications of argon
arcs is in arc welding. In this case, the arc burns in
an accelerating flow caused by magnetic pumping near
the cathode. The stability of the arc is important to
the welding process and although our model is strictly
applicable only to the self-similar arc there are simi-
Jarities to the free-burning arc. If the flow generated
by magnetic pumping is regarded as the same as that
produced by a suitable nozzle shape then our results
can give a qualitative idea of instability in free-burning
arcs when the parameter fo is adjusted accordingly. A
quantitative comparison is not possible because fluctu-
ations in the magnetic pumping have not been included
in the analysis and these may be important.
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The interrelation between the departure from LTE and the space modes of
electric arc plasma and diagnostic problems

V.A Zhovtyansky
Department of Radiophysics, Taras Shevchenko Kiev University, Kiev, Ukraine

It is generally agreed the local thermodynamic
equilibrium (LTE) state takes place in the electric arc
plasma {1]. This point of view is predominating. But
our experience has shown that this widely accepted
assumption is invalid often [2].

1. Nonequilibrium due to gradiental effects

The state of plasma plays a key role in the determining
of the space distribution of plasma generated particles
density in the arc. For example, results of investigations
of electric arc plasma between evaporated copper
electrodes in LTE-assumption exhibit the significant
increasing of copper vapour content at the arc periphery
at every its section [3,4]. Such increasing in other
authors' papers is explained as a result of demixing due
to ambipolar diffusion [4]). We have shown inaccuracy
of this assumption by numerical calculation {3]. This is
corresponds with the results of our previous
experiments in a part of negligible role of diffusion
processes in electric arc plasma [5].

We consider the adequate explanation for obtained
results is departure from the LTE-assumption in such
plasma due to another kind of gradient. Namely, the
partial LTE (PLTE) is caused by the resonance
radiation transfer in the nonuniform plasma having the
temperature gradient. Radiation from the hot arc core is
able to overpopulate the resonance level of Cu atoms at
the arc region where temperature is relatively small.
Furthermore, one of the diagnostic spectral lines Cul
510.5 nm is ordinary sclf-absorbed in any experiment
as may be confirmed from checking of obtained plasma
parameter. It is also directly shown in our experiment
based on the laser absorption spectroscopy technique
[6].

The comprehensive calculation allows to specify the
overpopulation extent of the atom copper resonance
level with respect to the ground one at various distances
away from the arc axis. This effect has been sufficiently
universal for any dense plasma. It is most manifested at
the periphery of the specified plasma source. That is
why it went largely unnoticed under ordinary
observations along the axis chord of the plasma
volume, excluding tomographic procedure.

2. Simulation-adaptive spectroscopy
Plasma was produced between the end surfaces of the

non cooled copper electrodes in the air, each having a
diameter of 6 mm. Interclectrode distance L could be

varied between 2 and 8 mm and discharge current from
3,5 to 100 A. The electrodes was placed in a vertical
position. The single square current pulse up to 100 A
was put on the “duty” week-current discharge. The
quasi-steady mode was investigated.

The initial experimental data acquisition was
accomplished by the tomography spectrometer based on
the astigmatic light-high monochromator and the
electrostatic image dissector. It allows to carry out the
recording of radial distributions of nonstationary arc
radiation intensity in wvarious spectral ranges
simultaneously [7]. As a result the radial structure of
the nonstationary plasma source may be defined.

This paper deals with problem of such non-LTE plasma
diagnostic. The next idea of simulation-adaptive
diagnostic procedure is proposed (Fig.1). Starting with
the LTE approximation plasma parameters are
calculated. In this case observed profiles of plasma
radiances (integrated along spans) as a function of
distance p from axis in a number of spectral ranges
J(p,A,) are used as initial data. In the result of inverse
problem solving they are transformed to radial
distribution of the emission I(r, A, ) in the assumption

chckmﬁ ol the
optically thin plasma
assumption

nol . yes
tomography v M J—
P [correction] N, kT+N,kT,=P, — value of
! 7 N
N}

assumption: the revision of the |
optically thin plasma plasma produccd particles
density

J(p,4,) T ll:,

|transform to the local
radiances emission

specification of the ground
and metastable levels

| Ir, )
determining of the initial
diagnoslic information
in assumption of LTE

population of plasma
generated particles usin,
collision-radiative mode

with radiation transfer

T, NN, 1

Fig.1. The diagram of simulation-adaptive diagnostic
procedure

. of optically thin plasma. Next stage includes

iterative process of collision-radiative population of the
ground and metastable levels of plasma particles with
account of radiation transfer in resonance lines. The
calculated plasma parameters are to be satisfied
simultaneously the supposed model of the non-LTE
plasma and initial values I(r, A, ). The last operation in
this cycle is checking of plasma optical thickness in
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diagnostic spectral lines. The simulation is over if the
plasma is optically thin. In the contrary case the initial
values I(r, A, ) would be corrected to new values I (r,
An) and temperature Ty. Further previous cycle would
be repeated until the result of integration of radial
distribution of the emission along spans with account of
radiation transfer will be coincide with initial
experimental data J(p,An). This iterative process is over
if the result of optical thickness checking corresponds
to calculated temperature and levels population. The
proposed method allows to exclude the "catastrophic”

increasing of the copper vapour content at the arc

periphery obtained by other procedures.

3. Space modes

The feature of electric arc plasma space structure
in a longitudinal direction is existence of bright
luminous spots nearby electrode vicinity with the
characteristic size of the order 1 mm at each of
electrodes. Purely speaking, an electric arc is
closed through these formations with electrodes.
The arc, as such, looks like as the less bright
formation between these spots. It is good
distinguishable if interelectrode distances exceed L
‘2 4 mm. In other case these visually discernible
separated sports are merged practically together.
As illustration in Fig.2,a are presented the
examples of longitudinal structure of dlfferent
interelectrodes distance arcs. Here N./™(x) are
integrated along a diameter the electron density
values:

N "(x) = 2 j‘ N.(x, r).dr,,
0

where upper limit of an integration R(x) is the
radius of plasma formation in appropriate arc
section. Representation about its absolute value in
separate section at L = 8 mm gives Fig.2,b. It is
possible to conclude that above mentioned spots in
electrode vicinity ‘areas correspond essentially
significance of electron density N..

Thus, it is possible to speak about electric arc
plasma space structure. In a case of long arc in
the distance ifrom electrodes the role of the hot
core plays zone near its axis. There is LTE plasma
in this zone. PLTE takes place in the outer
periphery region. As interelectrode distance
decreases the electrode vicinity area with the high
contents both electron and copper vapours are
merged, derivating one zone. In such short arc,
where L < d (L - vapour distance, d - arc diameter
at the vapour section) or in the vicinity of
electrodes 1 < d (1 - distance from electrode) the
state of plasma is deviated from LTE even in axis
zone due to influence of resonance radiation from
cathode spots. For example, in short (L = 2 mm)
free-burning electric arc between copper electrodes
the overpopulation of resonance levels'of Cu atoms
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consists of one order with respect to LTE at the
discharge current 30 A.

Thus, the properties of iree burning electric arc
plasma in copper vapour are largely determined by
its non-uniformity.

N arb. unit.
L fmm} =
104 oo fo o | o
o] / -
——8
0.8 a
0.7
0.6 v \
0.5 v/7 \
0.4

N o . arb. unit
1.0 %

0.81

0.6 1

0.4

0.2+

0.0

0 1 2 3 4
b)L=8mm r.mm
Fig.2. The longitudial structures of electric arcs

with L = 2, 4, 6 and 8 mm (a) and radial structure
of electric arc with L = 8 mm (b); I = 30 A.
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Investigations of free-burning electric arc in copper vapours

I.L.Babich,; A N.Veklich, A I.Cheredarchuk, V.A.Zhovtyansky
Radiophysics Dept., Taras Shevchenko Kyiv University, 252033, Kyiv, Ukraine

Earlier plasma of the electric arc, free-burning in air
between copper electrodes, in various modes of arc
operations, was experimentally investigated [1-3].
Radial distributions of temperature T(r) and electron
density N(r) are measured by emission spectroscopy
methods. Using the model of local thermodynamic
equilibrium (LTE-assumption) it allows to calculate
radial population distributions of any copper atom
level. Radial distributions of absorption coefficient x,
in centre of a spectral line Cul 510.5 nm are measured
by the laser absorption spectroscopy method. It allows
to calculate the appropriate distributions of the
metastable level population of Cu atom irrespective of
the plasma condition. Really, the densities of absorbing
particles in the bottom condition of the considered
optical transition N in a case of Doppler and
Lorentzian contours are accordingly equal:

N =9.2 * 10k Ahp,
N = 1.2 * 10'% A\,

The estimated values of half-width AAp can be obtained
from measured T(r) and AAp - from N(1).

In Fig. 1,a and 2,a radial distributions of Ni(r) in the
average cross section of the interelectrode distances
la = 8 mm for currents 3.5 and 30 A are given. The
diagrams of estimated values of half-width AL of a
spectral line 510.5 nm in case of Doppler effect and
Stark effect for two different values of broadening
parameters [4] and [5] are shown, too (Fig. 1,b 2,b).
The analysis of obtained results allows to make the
following conclusions. For low current mode of
electric arc (I = 3.5 A) both techniques provide
practically coinciding Ny (r) (curves 1 and 2). It testifies
that the LTE is established in chosen plasma section.
And, the coinciding just these curves was quite
expected as in conditions of rather low electron density
the broadening of a spectral line is caused by Doppler
effect (Fig.1, b).

At increasing of the arc current (I = 30 A) results of
Ni(r) measurements by both techniques differ, as a
minimum, by half order (Fig. 2, a). Two variants of an
explanation are probable. The deviation from LTE is
realized in plasma and/or Stark broadening parameters

are incorrect. Really, in this case N, is increased and -

the contribution of Stark effect in broadening of a
spectral line in a zone of arc conductivity should be
comparable to the contribution of Doppler effect.
Therefore being available in the literature and used for
estimations Stark broadening parameters [4 5] require
further, more careful, analysis.

r, mm

A\, M
0.004

: /|
0.003 /
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V
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0.000
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Fig.1. Radial distributions of Ny(r) (a) and estimated
values of half-width AA(r) (b) of a spectral line 510.5
nm in the electric arc plasma at current I = 3.5 A;
calculation in the LTE-assumption - curve 1; the cases
of the Doppler effect - curves 2, 6 and Stark effect for
three different values of broadening parameters: [4] -
curves 3, 7, [5] - curves 4, 8; tenfold value of
parameter {4] - curves 5, 9. :
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Additional width measurements of the spectral line
510.5 nm in one of arc operation modes were carried

out. The contours of a spectral line were measured by a -

Fabry-Perot interferometer. This technique provides
necessary spatial resolution [3]. For the control of
obtained results independent "rough" measurements of
the spectral line contour were carried out. Radiation of
complete chosen section of arc column was
investigated by the high-resolution spectrograph
(dispersion - 2 nm/mm). The spatial resolution such
technique, naturally, did not provide. However it was
possible to find out the order of the spectral line width.
Is shown, that Stark broadening parameters [4,5] for
line 510.5 nm Cul are underestimated, as a minimum,
by the order. Therefore Ni(r) are in addition calculated
for tenfold value of broadening parameter [4] (Fig.1,a
and 2,a, curve 5). The obtained results confirm the use
expediency of the offered specified value of this
parameter. Thus, it is possible to state that results of
measurements by both techniques are with confidence
coinciding for the whole zone of discharge conductivity
for arc operation mode at the current 30 A as well
(Fig.2,a).

In all investigated modes at the arc periphery (outside
of the conductivity zone) Ny(r), measured by various
methods, do not coincide. By this is meant that
deviation from LTE is realized. In work [6] -two-
temperature model of electric arc plasma is offered.
According to it at the periphery, as opposed to the
axial volume, electron and the heavy components
temperatures do not coincide. Not neglecting such
opportunity, we nevertheless consider, that at the arc
plasma periphery, where temperature is rather small,
there is the deviation from LTE owing to absorption of
resonance radiation from the high-temperature axial
zone in this arc area [7].
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Fig.2. Radial distributions of Ny(r) (a) and estimated
values of half-width AA(r) (b) of a spectral line 510.5
nm in the electric arc plasma at current [ = 30 A;
calculation in the LTE-assumption - curve 1; the cases
of the Doppler effect - curves 2, 6 and Stark effect for
three different values of broadening parameters: [4] -
curves 3, 7; [5] - curves 4, 8; tenfold value of
parameter [4] - curves 5, 9.
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Topic 11

Generation and dynamics of plasma flows.
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Generation of magnetic field by acceleration of Hall plasma
and some consequences of this process

Liliya M. Alekseeva

Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow 117234, Russia

Let a planar flow of a Hall plasma be directed across
a magnetic field H. If all physical quantities do not
- vary in the direction of H, the equation of electromag-
netic induction has the form ’

2
%I;I = vAH + curl(v x H) +£V P Vg-—

(1)
Here, we take the channel length ! as a unit length and
the values p. and H, of p and H in some characteris-
tic point, as a unit density and a unit magnetic-field
strength, respectively. Further, the Alfvén velocity at
this point is assumed to be the unit of velocity v and
the magnetic pressure H2/4m, to be the unit of pressure
P. The procedure of nondimensionalizing is described
in more detail in [1]. Following [1}, we assume the
plasma to be isothermal. Then the state of the plasma
is determined by three constant parameters: the mag-
netic viscosity v = R;.! (where R, is the magnetic
Reynolds number), the ratio 8 of the characteristic gas
pressure to the characteristic magnetic pressure, and
the quantity & = com;/el\/dnp,, which characterizes
the magnitude of the Hall effect (here ¢ is the speed
of light).

Evidently, according to Eq. (1), the magnetic field
can be generated in a Hall plasma not only by main-
tained motion of the fluid conductor across the mag-
netic field (as in the case of ordinary non-Hall conduc-
tors} but also by a maintained density gradient directed
transversely to the magnetic-field gradient VH.

If we rewrite Eq. (1) using the Euler equation with
VP = ¢?Vp, it assumes the form

on
ot

=vAH + curl(v x H) + -6——1191

VH, (2)
where ¢? = 8/2 is the gasdynamic sound speed.

We see that the Hall effect results in changes of the
magnetic field precisely in those regions where the gra-
dient VH transverse to the flow acceleration already
exists. Therefore, there is a tendency for progressively
smaller scales to arise in the distributions of physical
values in the direction normal to the flow acceleration.
Accordingly, dissipation becomes progressively more
significant. As a consequence, an equilibrium between
magnetic-field generation due to the Hall effect and
dissipation dnouidi'pe edtdoiidned at a suThclertfiy small
spatial scale. This limiting scale is a measure for the

sharp transverse nonuniformity of the stationary flow,
which arises in a resistive Hall plasma in a channel. We
find the small limiting scale for a given £ value, making
simple estimations for different terms of the stationary
Eq. (2) (where 0H /0t = 0 and dv/dt = w = (vV)v).
We introduce a local Cartesian coordinate system

(p,n) with the stream-aligned p-axis and the trans-

versely directed 7-axis (from the anode to the cathode),
whose origin is at a certain point which we denote as
(0,0). Correspondingly, the velocity component v, is
equal to zero at the local coordinate origin and small
in its vicinity. This provides (vV)vw, < (vV)v, or
wy, K Wp.

In addition, as the transverse scale is small {{, — 0),
we have 8H /0p <« 8H /97, and the Hall term in the
stationary version of Eq. (2) proves to be equal to

¢ HOH

B=2w,—2—.
%7 By

(3)
Here, we see that it is the longitudinal acceleration of
the Hall plasma that gives rise to the studied effect
of the generation of the small-l, magnetic field. In
other words, the longitudinal acceleration of the Hall
plasma results in a strong transverse nonuniformity of
the plasma flow.

Now we compare the Hall term B of Eq. (2) with the
“convective ” term

i}

curl, (v x H) 5;(1;,,H)t

=~ () - @
To estimate the first term in the right-hand side of
Eq. (4), we replace the acceleration w, in Eq. (3) by
its part vp(Bvp/8p) ~ vZ/l, (where I, < 1 is the char-
acteristic nondlmensmnal longitudinal Scale; note that
l, > l;). To estimate the second term, we replace w,
in (3) by its another part v,(8v, /7). It becomes then
evident that the ratio of the convective term to the
Hall term in the stationary version of Eq. (2) does not
exceed

R

"¢ Hup’
We restrict our consideration to channels in which the
gasdynamic acceleration is not too strong in compar-
ison with the magnetic acceleration, assuming that
B < 1 (or, that is the same, ¢? < 1). We see that
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the convective term proves to be negligibly small.
Thus, the stationary version of Eq. (2) acquires the

form i ¢ H
9o . & 2 = 5
877 + ch p WpJp 0) ( )
where j, = 0H /07 is the longitudinal component of
the electrical current. Thus, we infer that the sought-
for small transverse scale I, of the Hall-plasma flow is

equal to y~1, where

§ H
= = —wp. 6
v ve? p P ( )
Let us list several conclusions.
(i) The inequality v >> 1 is a necessary condition for
the existence of a stationary Hall-plasma flow with a
sharp transverse nonuniformity.

(i) We find, making use of the Euler equation, that

Hence, the nonuniformity of the stationary Hall-plasma
flow is stronger, the greater ¢ and the smaller 3 = 2¢2
and v. Further, in channels with a significant gasdy-
namical acceleration, a great value of £/v = w7, is
necessary for the Hall effect to manifest itself in the
flow, whereas this value may be small for regimes of
magnetic acceleration of plasma (8 < 1).

(iti) The flow is most strongly influenced by the Hall
effect in the vicinity of the point where the product
of H/p by the longitudinal acceleration 1'11,, reaches its
maximum.

(iv) The structure revealed in the flow is always of
fixed polarity in the following sense: for accelerating
channels (wp > 0}, the value [j,| increases in the anode
direction.

(v) As we saw, the strong transverse nonuniformity
of the Hall-plasma flow is due to plasma acceleration
along the channel. Basically, the longitudinal acceler-
ation w? is in essence determined by the conditions at
the inlet and outlet of the channel, the magnetic field
HO being created by the electric current j° directed
predominantly across the channel, from the anode to
the cathode. According to Eq. (5), which is “linear”
with respect to jp, we should expect a sharp nonunifor-
mity to manifest itself in the distribution of the small
longitudinal current jp, if the values of the constant
parameters &, v, andf are such that

__§ H

Then the nonstationary disturbg,nces associated with
the small longitudinal current j, can also be clas-
sified. Indeed, by juxtaposing the left-hand side of
Eq. (5) to OH/8t we can estimate the characteris-
tic time tmag ~ 7~ 2v~! of the magnetic-field varia-
tion. The time of gasdynamic response to magnetic-
pressure variations is tgas ~ ¥ '/c. For £ & ¢, we

have tgzs & tmag, and gasdynamic quantities can be
considered quasi-stationary with respect to the time-
dependent magnetic field. On the contrary, if £ 3> ¢,
we have tgas 3> tmag. As this takes place, the magnetic
field comes into conformity with variable gasdynamic
quantities in a very short time and thus behaves as a
quasi-stationary quantity. In this case, plasma pertur-
bations appear to be of gasdynamic nature. Indeed,

purely acoustic waves were found by analytically solv-

ing the full set of equations for resistive Hall-plasma
flows of this type [2].

In conclusion, we note that, due to the smallness
of l,;, the properties established above for planar flows
should have analogues in axisymmetric resistive Hall-
plasma flows with an azimuthal magnetic field. Isother-
mal flows of this type were investigated numerically [1].
These studies have revealed such flow properties as the
important role of the longitudinal component of the
electric current, the regularities in the dependence of
the flow on the parameters pointed out in conclusion
(i1), and the presence of the near-anode structure de-
scribed in conclusion (iv).

If the thermal conductivity of the plasma is taken
into account in numerical simulations, the features of
the phenomena in Hall-plasma flows are found to be of
the same sort, but a strong local heating of the plasma
occurs in the region near the anode where an electric
current with an enhanced longitudinal component is
observed (see, for example, [3]).
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Computational analysis of a three-dimensional plasma spray jet
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1. Introduction

Plasma sprayed coatings are widely used in various
industrial fields, mainly as wear-, corrosion- and heat-
resistant coatings [1]. - However, their distinctive
microstructure, which consists of layers of thin lamellae
with possible inclusions of unmelted particles, pores and
crack network, can limit their use. The microstructure of
these coatings depends on the velocity, size, molten state
and surface chemistry of particles impinging on the
substrate ; These parameters are linked with the
macroscopic input parameters of the spray process : arc
current intensity, plasma and carrier gas flow rates,
plasma gas nature, injection conditions for powders...
Numerical simulations, thanks to their capability to vary
independently the different parameters, can contribute to
a better understanding of the phenomena involved in
coating formation and the setting of on-line process
control.

An analysis of a d.c. plasma jet, operating under
industrial conditions is presented, using a tridimensional
commercial fluid dynamics code, ESTET [2]. The
influence of the variation of arc current, primary (Ar)
and secondary gas (H,) flow rate on plasma flow fields
and spraying reproducibility, is discussed.

2. Mathematical modeling

The ESTET software is an "hybrid" code, since the
discretisation of the equations is made using both finite
difference and finite volume methods. An Eulerian
formulation is used for the gas phase, solving the
governing equations for a turbulent-gas flow, e.g. the
conservation of mass, momentum and energy, as well as
the conservation for each species of the gas mixture.
Computations take into account fluid turbulence using a
standard k-e model [3] with a correction for low
Reynolds numbers (Launder and Sharma, [4]), e.g. in the
potential core and close to the walls of the injector and
substrate.

The gas flow model is based on the following
assumptions : the plasma flow is turbulent, except within
the potential core ; the system is steady and in local
thermodynamic equilibrium (LTE); the plasma is
optically thin. The thermodynamic and transport
properties of the mixture consisting of plasma gas and
air are determined using Wilkes mixing laws from the
properties of pure gases [5].

The modeling domain and the boundary conditions are
shown in Fig.1. A rectangular mesh is used (the axial
direction is set to y-coordinate), subdiv